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Summary 
This project was a joint venture between Loughborough University, the academic 
investigator, and ICI, the industrial sponsor. The aim was to develop and validate 
filter cycle scale-up methodologies, based on laboratory experiments at Loughborough 
and full-scale plant work at several ICI sites. Two ICI products, which experience 
processing problems during filtration, were chosen for assessment. They were a 
catalyst material (predominately iron oxide), processed by Synetix using rotary 
vacuum filters (RVF's), and titanium dioxide (Ti02) processed by Tioxide using a 
diaphragm filter press. A number of objectives were originally highlighted: 
1. Develop and validate scale-up methodologies for a pressure filter and vacuum filter. 
2. Develop models required to provide accurate predictions of filter performance. 
3. Produce PC simulations of R VF and diaphragm filter press. 
4. To produce reliable filter cycle data for process feeds of interest to ICI. 
Catalyst material and Ti02 were processed -filtered, washed and deliquored- at 
Loughborough utilising an automated laboratory rig, incorporating a leaf filter; tests 
were carried out either at low pressure, which mimicked vacuum conditions, for the 
catalyst (~P < 100kPa) or higher pressure conditions with the Ti02 (~P > lOOkPa). 
Variables such as pressure, feed concentration, zeta (1;-) potential, and filter cell 
orientation were assessed with the intention that these series of experiments mirrored 
process-scale operation. Data accumulated from process-scale tests at ICI production 
facilities were also utilised with which scale-up methodologies have been developed. 
Subsequent modelling of the various processes have been formulated in PC 
simulations. Upon validation of the simulations, RVF and diaphragm filter press 
performance, was analysed. Simulations for the cake formation phase generally 
provide accurate predictions in terms of filtrate volume, mass of solids in the cake and 
cake thickness at both laboratory and process scale. However, greater variability was 
found within the cake washing phase, with the deJiquoring phase for both products 
dominated by cake cracking effects. 
ii 
I 
~ 
I 
Contents 
Acknowledgements 1 
Summary ii 
Table of Contents Hi 
Figures and Tables vii 
1. Literature Review and Fundamentals 1 
1.1 Introduction 1 
1.2 Filter Cycle 2 
1.2.1 Filtration Fundamentals 4 
1.2.1.1 Incompressible Cake Filtration 7 
1.2.1.2 Compressible Cake Filtration 9 
1.2.1.3 Filtration with Simultaneous Sedimentation 15 
1.2.2 Cake Washing 18 
1.2.2.1 Displacement Washing 19 
1.2.2.2 Reslurry Washing 25 
1.2.2.3 Continuous Countercurrent Washing 25 
1.2.3 Cake DeJiquoring 25 
1.2.3.1 Displacement Deliquoring . 30 
1.2.3.2 Compression DeJiquoring (Expression) 31 
1.2.4 Combination Filter Cycles 32 
1.2.4.1 Vacuum Filters 33 
1.2.4.2 Pressure Filters 35 
1.3 Filter Scale-Up 39 
1.4 Surface Chemistry 41 
1.4.1 Definitions 41 
1.4.2 Solid-Liquid Interfaces 43 
1.4.3 Electrokinetic (~-) Potentials 45 
1.4.4 Adsorption at Oxide Surfaces 47 
1.5 Conclusions 48 
2. Research Programme 49 
2.1 Progranune Outline 49 
2.2 Catalyst Experiments 49 
2.2.1 Laboratory Scale 50 
2.2.2 Process Scale 51 
2.3 Titanium Dioxide (Ti02) Experiments 51 
2.3.1 Laboratory Scale 52 
2.3.2 Process Scale 52 
2.4 Modelling and Simulation 52 
3. Experimental Apparatus 54 
3.1 Introduction 54 
iii 
3.2 Laboratory Scale Apparatus 
3.2.1 Apparatus Control 
3.2.1.1 Filtration Phase 
3 .2.1.2 Washing Phase 
3.2.1.3 Deliquoring Phase 
3.2.2 Additional Filtration Experiments 
3.3 Process Scale Apparatus 
3.3.1 RVF (Synetix) 
3.3.1.1 RVF Control 
3.3.2 Diaphragm Filter Press (Tioxide) 
3.3 .2.1 Diaphragm Press Control 
4. Filter Media and Suspension Characterisation 
4.1 Filter Media Characterisation 
4.2 Suspension Characterisation 
4.2.1 Catalyst Characterisation 
4.2.2 Titanium Dioxide (Ti02) Characterisation 
~.3 Conclusions 
5. Experimental Procedure and Validation 
5.1 Laboratory Scale Experiments 
5.1.1 Pressure Transducer and Regulator Calibration 
5.1.2 Apparatus Preparation 
5.1.3 Suspension Dispersion 
5.1.4 Filter Cycle Experiments 
5.1.5 Data Collation 
5.1.6 Apparatus Commissioning 
5.1.6.1 Data Reproducibility 
5.1.7 Additional Filtration Experiments 
5.1.8 Conclusions 
5.2 Process Scale Experiments 
5.2.1 RVF Testing Criteria 
5.2.1.1 Analysis and Equipment Requirements 
5.2.1.2 Data Collection Procedure/Sheet 
5.2.2 Diaphragm Filter Press Testing Criteria 
5.2.2.1 Analysis and Equipment Requirements 
5.2.2.2 Data Collection Procedure/Sheet 
5.3 Conclusions 
6. Experimental Results 
6.1 Catalyst Results 
6.1.1 Laboratory Scale Experiments 
6.1.1.1 Cake Formation (Filtration) Phase 
6.1.1.2 Cake Washing Phase 
6.1.1.3 Cake Deliquoring Phase 
6.1.1.4 Combined Filter Cycle 
6.1.1.5 Additional Filtration Experiments 
6.1.2 Process Scale RVF Experiments 
iv 
54 
57 
57 
58 
59 
60 
61 
61 
62 
63 
65 
66 
66 
70 
71 
77 
84 
85 
85 
86 
88 
88 
90 
91 
92 
93 
97 
100 
100 
100 
102 
102 
105 
106 
106 
109 
110 
110 
110 
III 
118 
122 
126 
127 
130 
6.1.2.1 Cake Formation (Filtration) Phase 131 
6.1.2.2 Cake Washing Phase 132 
6.2 TiOz Results 133 
6.2.1 Laboratory Scale Experiments 133 
6.2.1.1 Cake Formation (Filtration) Phase 134 
6.2.1.2 Cake Washing Phase l38 
6.2.1.3 Cake Deliquoring Phase 140 
6.2.1.4 Combined Filter Cycle 142 
6.2.2 Process Scale Diaphragm Filter Press Experiments 143 
6.2.2.1 Cake Formation (Filtration) Phase 145 
6.2.2.2 Cake Washing Phase 148 
6.3 Conclusious 149 
7. Discussion and Modelling 151 
7.1 Basis for Modelling 151 
7.1.1 Cake Formation (Filtration) 151 
7.1.1.1 Modifications forRVF 152 
7.1.1.2 Modifications for Diaphragm Filter Press 153 
7.1.2 Cake Washing 153 
7.1.3 Cake Deliquoring 155 
7.2 Catalyst Modelling 156 
7.2.1 Laboratory Scale Modelling 156 
7.2.1.1 Cake Formation (Filtration) Phase 156 
7.2.1.2 Cake Washing Phase 159 
7.2.1.3 Cake Deliquoring Phase 162 
7.2.1.4 Combined Filter Cycle 164 
7.2.2 Process Scale RVF Modelling 165 
7.2.2.1 Cake Formation (Filtration) Phase 165 
7.2.2.2 Cake Washing Phase 167 
7.3 TiOz Modelling 169 
7.3.1 Laboratory Scale Modelling 169 
7.3.1.1 Cake Formation (Filtration) Phase 169 
7.3.1.2 Cake Washing Phase 172 
7.3.1.3 Cake Deliquoring Phase 174 
7.3.1.4 Combined Filter Cycle 175 
7.3.2 Process Scale Diaphragm Filter Press Modelling 176 
7.3.2.1 Cake Formation (Filtration) Phase 176 
7.3.2.2 Cake Washing Phase 177 
7.4 Discussiou 180 
7.4.1 Experimental and Modelling Validation 180 
7.4.2 Comparison with Previous Works and Scale-Up Implications 183 
8. Conclusions and Recommendations 
8.1 Conclusions 
8.2 Recommendations 
References 
v 
186 
186 
187 
~ 
I 
I Nomenclature 
Appendices 
1. Process Scale Filter Documentation 
(a) Rotary Vacuum Filter 
(b) Diaphragm Filter Press 
2. Material Data Sheets 
(a) Filter Media 
(b) Catalyst 
(c) Titanium Dioxide 
3. Laboratory Scale Rig Commissioning Data 
(a) TiOz Filtration Data (f.P = 100, 300, 400 and 500 kPa). 
4. Experimental Data 
(a) Catalyst Results 
(i) Laboratory Scale 
(ii) Process Scale 
(b) Titanium Dioxide Results 
(i) Laboratory Scale 
(ii) Process Scale 
5. Modelling Data 
(a) Catalyst Results 
(i) Laboratory Scale 
VI 
List of Figures 
Figure 1.1: Representation of the filter cycle operation on a belt fliter [Wakeman and 
Tarleton, 1999]. 
Figure 1.2: Schematic of flitration system. 
Figure 1.3:.Graphical representation of eqn. (1.13). A plot of reciprocal flow rate vs. 
cumulative flitrate volume for a constant pressure flitration. 
Figure 1.4: Graphical representation of the pressure vs. time relationships for constant 
pressure, constant rate, and variable pressure-variable rate flitration systems 
[Shirato et al., 1987]. 
Figure 1.5: Compression permeability cell [Rushton et al., 1996]. 
Figure 1.6: A typical solids concentration profile during flitration [Willmer, 1996]. 
Figure 1.7: Settling systems [Fitch, 1962]. 
Figure 1.8: Batch settling curve [Rushton et al., 1996]. 
Figure 1.9: Washing curves plotted as dimensionless instantaneous concentration of 
solute in the wash effluent (c/co) plotted against wash ratio (WR). The parameter 
on the plot is dispersion number (D,) [Wakeman and Tarleton, 1999]. 
Figure 1.10: A fliter cake washing curve showing the different washing regimes; (i) 
hydraulic displacement, (ii) intermediate stage, (iii) mass transfer stage 
[Wakeman, 1981(a)]. 
Figure 1.11: Two scenario's describing how residual solute may be held in a 'filter 
cake, depending on whether the particles are non-porous or porous [Wakeman, 
1973]. 
Figure 1.12: Capillary pressure curve [Rushton et aI., 1996]. 
Figure 1.13: Reduced saturation, SR vs. dimensionless time, t' [Purchas and 
Wakeman, 1986]. 
Figure 1.14: Averaged gas flow rate vs. dimensionless time, t' [Purchas and 
Wakeman, 1986]. 
Figure 1.15: Effect of the cake permeability on dewatering mechanisms [Carleton and 
Salway, 1993]. 
Figure 1.16: Schematic picture of Terzaghi model [Shirato et al., 1986(a)]. 
Figure 1.17: Applications of pressure fliter [Wakeman, 1981 (d) J. 
vii 
Figure 1.18: Schematic of a rotary vacuum filter (RVF). 
Figure 1.19: Pressure Nutsche Filter [3V Cogeim Data Sheets] 
Figure 1.20: Schematic representation of a diaphragm filter press [Wakeman and 
Tarleton, 1999]. 
Figure 1.21: Typical colloidal particles (Vincent, 1998]. 
Figure 1.22: Representation of the interfacial layer between a solid particle within a 
continuous liquid phase [Vincent, 1998]. 
Figure 1.23: Schematic representation of the structure of the electric double layer 
according to Stem's theory [Shaw, 1992]. 
Figure 1.24: The link between particle phenomena at the microscopiC scale and 
process separations at the engineering scale of operation [Wakeman and 
Tarleton, 1999]. 
Figure 3.1: Schematic diagram of experimental apparatus [Wakeman and Tarleton, 
1999]. 
Figure 3.2: Variable height filter cell (set at 60 mm) attached to the filtration 
apparatus. 
Figure 3.3: A schematic diagram of the rotary wash table [Hancock, 1999J. 
Figure 3.4: Apparatus utilised for upward filtration tests. 
Figure 3.5: Schematic representation of the process scale plant (RVF and associated 
equipment) used. 
Figure 3.6: Schematic representation of the process scale apparatus (diaphragm filter 
press and associated equipment) used. 
Figure 4.1: SEM of the surface of SCAPA-Primapor. 
Figure 4.2: SEM at higher magnification of the surface of SCAP A-Primapor. 
Figure 4.3: SEM of the underside of SCAPA-Primapor. 
Figure 4.4: SEM at higher magnification of the underside of SCAPA-Primapor. 
Figure 4.5: SEM of the cross-section of SCAPA-Primapor. 
Figure 4.6: Particle size distribution for the catalyst obtained from Malvern TM 
MasterSizer. 
Figure 4.7: SEM of catalyst particles at the lowest relative magnification. 
viii 
------------------------------------------------------------------------------- I 
Figure 4.8: SEM of catalyst particles with further magnification. 
Figure 4.9: SEM of catalyst particles at the highest relative magnification. 
Figure 4.10: Relative particle size distributions for the catalyst obtained from 
Malvern ™ MasterSizer S after sieving at 45 Ilm. 
Figure 4.11: Zeta (1;;-) potential for catalyst at ambient and elevated temperature 
(70°C). 
Figure 4.12: Batch settling curve for the catalyst suspension. 
Figure 4.13: Particle size distributions for TiOz at pH4 obtained from the standard 
dispersion method and @concentration method using a Malvern™ Mastersizer 
S. 
Figure 4.14: SEM of TiOz particles at the lowest relative magnification. 
Figure 4.15: SEM of TiOz particles at an increased magnification. 
Figure 4.16: SEM of TiOz particles with the highest relative magnification. 
Figure 4.17: Zeta (1;;-) potential for TiOz at ambient and elevated temperature (50°C). 
Figure 4.18: Mean particle size for Ti02 over a range of pH values at ambient 
temperature. 
Figure 4.19: Batch settling curve for the Ti02 suspension. 
Figure 5.1: Typical pressure transducer calibration. 
Figure 5.2: Typical pressure regulator calibration. 
Figure 5.3: Ultra Turrax T25 Homogeniser. 
Figure 5.4: Mass of filtrate vs. time plots for filtration tests of the catalyst at & = 35 
kPa and 700e and TiOz at ~P = 500 kPa and 50oe. 
Figure 5.5: Time/volume vs. volume plots for filtration tests of the catalyst at LlP = 35 
kPa and 700e and TiOz at ~P = 500 kPa and 50oe. 
Figure 5.6: Mass of filtrate vs. time plots for filtration tests of the catalyst at & = 35 
kPa, 300 kPa and 600 kPa (at 700 e). 
Figure 5.7: Time/volume vs. volume plots for filtration tests of the catalyst at & = 35 
kPa, 300 kPa and 600 kPa (at 70°C). 
Figure 5.8: Mass of filtrate vs. time plots for downward filtration tests of the catalyst 
at LlP = 65 kPa. 
ix 
Figure 5.9: Mass of filtrate vs. time plots for upward filtration tests of the catalyst at 
L'>P = 65 kPa. 
Figure 5.10: Data collection sheet for analysis of the process scale RVE 
Figure 5.11: Data collection sheet for analysis of the process scale diaphragm filter 
press. 
Figure 6.1: Filtrate volume vs. time plots for constant pressure filtration of catalyst 
suspensions (5 mm nominal cake thickness). 
Figure 6.2: Reciprocal flow rate vs. cumulative volume for the constant pressure 
filtration of catalyst suspensions (5 mm nominal cake thickness). 
Figure 6.3: Overall variation of average specific cake resistance with pressure for 
catalyst suspensions used in experiments CLl-26. 
Figure 6.4: Variation of average specific cake resistance with pressure for catalyst 
suspensions with feed concentrations of 25.7w/w% ±1.3w/w% suspended solids. 
Figure 6.5: Variation of average cake voids ratio with pressure for catalyst 
suspensions with feed concentrations of 25.7w/w% ±1.3w/w% suspended solids. 
Figure 6.6: Filtrate volume vs. time for the constant pressure (L'>P = 25 kPa) filtration 
of catalyst suspensions. 
Figure 6.7: Dimensionless solute concentration (c!co) vs. time for the 25 kPa washing 
of catalyst filter cakes of different cake thickness. 
Figure 6.8: Dimensionless solute concentration (c!co) vs. time for catalyst filter cakes 
(5 mm nominal cake thickness). 
Figure 6.9: Cumulative volume vs. time for the filtration and subsequent 
displacement washing of catalyst filter cakes formed at M' = 25 kPa and washed 
at different pressures (10 mm nominal cake thickness). 
Figure 6.10: Dimensionless solute concentration (c/co) vs. time for catalyst filter 
cakes formed at Ll.P = 25 kPa (10 mm nominal cake thickness). 
Figure 6.11: Fractional recovery vs. time for catalyst filter cakes (5 mm nominal cake 
thickness). 
Figure 6.12: Cumulative volume vs. time for the filtration and deliquoring of catalyst 
and suspensions and cakes (5mm nominal cake thickness). 
x 
Figure 6.13: Deliquoring characterisation: Moisture content variation with cake 
height from medium (5mm nominal cake thickness). 
Figure 6.14: DeJiquoring characterisation-Experiment CL19: Cracking effects of a 
catalyst filter cake deliquored at 50 kPa (20 mm cake thickness). 
Figure 6.15: Deliquoring characterisation-Experiment CL20: Cracking effects of a 
catalyst filter cake deliquored at 70 kPa (20 mm cake thickness). 
Figure 6.16: Deliquoring characterisation-Experiment CL2!: Cracking effects of a 
catalyst filter cake deliquored at 100 kPa (20 mm cake thickness). 
Figure 6.17: A deliquored catalyst filter cake shown to demonstrate cake shrinkage 
(Experiment CL26). 
Figure 6.18: Filter cycle data for catalyst suspensions processed at various pressures 
where Mfc = 25, 35 or 50 kPa (5 mm nominal cake thickness). 
Figure 6.19: Concentration variation at the filtering surface with time, for essentially 
identical downward and upward filtration tests 
Figure 6.20: Comparative graph of filtrate volume vs. time for otherwise identical 
upward and downward filtrations. 
Figure 6.21: Filtrate volume vs. time plots for constant pressure filtration of TiOz 
suspensions. 
Figure 6.22: Reciprocal flow rate vs. cumulative volume for the constant pressure 
filtration of TiOz suspensions. 
Figure 6.23: Overall variation of average specific cake resistance with pressure for 
TiOz suspensions used in experiments TLl-7. 
Figure 6.24: Overall variation of average specific cake resistance with pressure for 
TiOz suspensions used in experiments TLl-TL3. 
Figure 6.25: Variation of average cake voids ratio with pressure for TiOz suspensions 
used in experiments TU-TL3. 
Figure 6.26: Dimensionless solute concentration (c/co) vs. time for TiOz filter cakes. 
Figure 6.27: Cumulative volume vs. time for the filtration and subsequent 
displacement washing of TiOz filter cakes formed and washed at M = 300, 400 
or 500kPa. 
Figure 6.28: Fractional recovery vs. time for TiOz filter cakes. 
xi 
Figure 6.29: Cumulative volume vs. time for the filtration and deliquoring of TiOz 
suspensions and cakes. 
Figure 6.30: Deliquoring characterisation-Experiment TL4: Cracking effects of a 
TiOz filter cake deliquored at 100 kPa. 
Figure 6.31: Deliquoring characterisation-Experiment TL5: Cracking effects of a 
TiOz filter cake deliquored at 300 kPa. 
Figure 6.32: Deliquoring characterisation-Experiment TL7: Cracking effects of a 
TiOz filter cake deliquored at 500 kPa. 
Figure 6.33: Filter cycle data for TiOz suspensions processed at various pressures 
where Mlfc = 300, 400 or 500 kPa. 
Figure 6.34: Filtrate volume vs. time plots for constant pressure filtration at 300 kPa 
of TiOz suspensions with the diaphragm filter press. 
Figure 6.35: Reciprocal flow rate vs. cumulative volume for the constant pressure 
filtration at 300 kPa of TiOz suspensions with the diaphragm filter press. 
Figure 6.36: Filtrate volume vs. time plots for constant pressure filtration of TiOz 
suspensions with the diaphragm filter press. 
Figure 6.37: Reciprocal flow rate vs. cumulative volume for the constant pressure 
filtration of TiOz suspensions with the diaphragm filter press. 
Figure 6.38: Comparison between laboratory and process scale variation of average 
specific cake resistance with pressure for TiOz suspensions used in experiments 
TLl-3 and TP6-9. 
Figure 6.39: Dimensionless solute concentration (c/co) vs. time for TIOz filter cakes. 
Figure 6.40: Fractional recovery vs. time for TiOz filter cakes. 
Figure 7.1: The variation of the fraction of solute removed from a saturated filter cake 
with wash ratio and dispersion number [Wakeman and Tarleton, 1999]. 
Figure 7.2: Comparison between theoretical prediction and experimental data of 
filtrate volume vs. time for the constant pressure filtration of catalyst 
suspensions (5mm nominal cake thickness). 
Figure 7.3: Comparison between theoretical prediction and experimental data of 
filtrate volume vs. time for the constant pressure filtration of catalyst 
suspensions. 
xii 
- ._-----
Figure 7.4: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/co) vs. time for catalyst filter cakes (5 mm 
nominal cake thickness). 
Figure 7.5: Comparison between theoretical prediction and experimental data of 
fractional recovery vs. time for catalyst filter cakes (5 mm nominal cake 
thickness). 
Figure 7.6: Comparison between theoretical prediction and experimental data of 
cumulative volume vs. time for the filtration and deliquoring of catalyst 
suspensions and cakes (5 mm nominal cake thickness). 
Figure 7.7: Wakeman's and the proposed correction to the relationship between the 
laboratory dispersion number and the corrected value to be used in the 
estimation of washing behaviour on RVF's. 
Figure 7.8: Comparison between theoretical prediction and experimental data of 
filtrate volume vs. time for the constant pressure filtration of Ti02 suspensions. 
Figure 7.9: Comparison between theoretical prediction and experimental data of 
reciprocal flow rate vs. cumulative volume for the constant pressure filtration of 
Ti02 suspensions. 
Figure 7.10: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/co) vs. time for Ti02 filter cakes. 
Figure 7.11: Comparison between theoretical prediction and experimental data of 
fractional recovery vs. time for Ti02 filter cakes. 
Figure 7.12: Comparison between theoretical prediction and experimental data of 
cumulative volume vs. time for the filtration and deJiquoring of Ti02 
suspensions and filter cakes. 
Figure 7.13: Comparison between theoretical prediction and experimental data of 
filter cycle data for Ti02 suspensions processed at various pressures where LlPfc 
= 300, 400 or 500 kPa. 
Figure 7.14: Comparison between theoretical prediction and experimental data of 
filtrate volume vs. time for the constant pressure filtration of Ti02 suspensions 
using a diaphragm filter press. 
Figure 7.15: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/co) vs. time for Ti02 filter cakes washed 
on a diaphragm filter press. 
xiii 
Figure 7.16: Comparison between theoretical prediction and experimental data of 
fractional recovery vs. time for TiOz filter cakes washed on a diaphragm filter 
press. 
Figure 7.17: Relationship between the laboratory and process scale dispersion 
numbers used in the estimation of washing behaviour. 
Figure AI.I: RVF feed bosch dimensions 
Figure A1.2: Filtrate / washings receiver dimensions 
Figure A3.1: Mass of filtrate vs. time plots for filtration tests of TiOz at M' = 100 
kPa, 300 kPa, 400 kPa and 500 kPa (at SO°C). 
Figure A3.2: Time/volume vs. volume plots for filtration tests of the catalyst at D.P = 
100 kPa, 300 kPa, 400 kPa and 500 kPa (at 50°C). 
Figure A4.1: Filtrate volume vs. time plots for constant pressure filtration of catalyst 
suspensions (10 mm nominal cake thickness). 
Figure A4.2: Reciprocal flow rate vs. cumulative volume for the constant pressure 
filtration of catalyst suspensions (10 mm nominal cake thickness). 
Figure A4.3: Filtrate volume vs. time plots for constant pressure filtration of catalyst 
suspensions (20 mm nominal cake thickness). 
Figure A4.4: Reciprocal flow rate vs. cumulative volume for the constant pressure 
filtration of catalyst suspensions (20 mm nominal cake thickness). 
Figure A4.5: Dimensionless solute concentration (c/co) vs. time for catalyst filter 
cakes (10 mm nominal cake thickness). 
Figure A4.6: Dimensionless solute concentration (eleo) vs. time for catalyst filter 
eakes (20 mm nominal cake thickness). 
Figure A4.7: Cumulative volume vs. time for the filtration and subsequent 
displacement washing of catalyst filter cakes formed at &' = 25 kPa and washed 
at different pressures (20 mm nominal cake thickness). 
Figure A4.8: Dimensionless solute concentration (c/co) vs. time for catalyst filter 
cakes formed at LiP = 25 kPa (20 mm nominal cake thickness). 
xiv 
- - - - - I 
Figure A4.9: Fractional recovery vs. time for catalyst filter cakes (10 mm nominal 
cake thickness). 
Figure A4.10: Fractional recovery vs. time for catalyst filter cakes (20 mm nominal 
cake thickness). 
Figure A4.1l: Cumulative volume vs. time for the filtration and deliquoring of 
catalyst and suspensions and cakes (10 mm cake thickness). 
Figure A4.12: Deliquoring characterisation: Moisture content variation with cake 
height from medium (10 mm cake thickness). 
Figure A4.13: Cumulative volume vs. time for the filtration and deliquoring of 
catalyst and suspensions and cakes (20 mm cake thickness). 
Figure A4.14: Deliquoring characterisation: Moisture content variation with cake 
height from medium (20 mm cake thickness). 
Figure A4.15: Filter cycle data for catalyst suspensions processed at various pressures 
where ~Pfc = 25,35,50 or 70 kPa (10 mm nominal cake thickness). 
Figure A4.16: Filter cycle data for catalyst suspensions filtered at 25 kPa with 
subsequent washing and deliquoring at either 25, 50 or 70 kPa (10 mm nominal 
cake thickness). 
Figure A4.17: Filter cycle data for catalyst suspensions processed at various pressures 
where LWfc = 25, 35, 50 or 70 kPa (20 mm nominal cake thickness). 
Figure A4.18: Filter cycle data for catalyst suspensions filtered at 25 kPa with 
subsequent washing and deliquoring at either 25, 50 or 70 kPa (20 mm nominal 
cake thickness). 
Figure A4.19: Filtrate volume vs. time plots for the downward constant vacuum 
filtration (LW = 65 kPa) for different feed concentration catalyst suspensions. 
Figure A4.20: Reciprocal flow rate vs. filtrate volume for the downward constant 
vacuum filtration (~P = 65 kPa) for different feed concentration catalyst 
suspensions. 
Figure A4.21: Filtrate volume vs. time plots for downward constant vacuum filtration 
(LW = 65 kPa) for different pH catalyst suspensions. 
Figure A4.22: Reciprocal flow rate vs. filtrate volume for the downward constant 
vacuum filtration (~P = 65 kPa) for different pH catalyst suspensions. 
xv 
Figure A4.23: Filtrate volume vs. time plots for the upward constant vacuum 
filtration (M = 65 kPa) for different feed concentration catalyst suspensions. 
Figure A4.24: Reciprocal flow rate vs. filtrate volume for the upward constant 
vacuum filtration (M = 65 kPa) for different feed concentration catalyst 
suspensions. 
Figure A4.2S: Filtrate volume vs. time plots for upward constant vacuum filtration 
(L'l.P = 65 kPa) for different pH catalyst suspensions. 
Figure A4.26: Reciprocal flow rate vs. filtrate volume for the upward constant 
vacuum filtration (L'l.P = 65 kPa) for different pH catalyst suspensions. 
Figure AS.l: Comparison between theoretical prediction and experimental data of 
filtrate volume vs. time for the constant pressure filtration of catalyst 
suspensions (10 mm nominal cake thickness). 
Figure AS.2: Comparison between theoretical prediction and experimental data of 
. . 
reciprocal flow rate vs. cumulative volume for the constant pressure filtration of 
catalyst suspensions (10 mm nominal cake thickness). 
Figure AS.3: Comparison between theoretical prediction and experimental data of 
filtrate volume vs. time for the constant pressure filtration of catalyst 
suspensions (20 mm nominal cake thickness). 
Figure AS.4: Comparison between theoretical prediction and experimental data. of' 
reciprocal flow rate vs. cumulative volume for the constant pressure filtration of 
catalyst suspensions (20 mm nominal cake thickness). 
Figure AS.5: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/co) vs. time for catalyst filter cakes (10 
mm nominal cake thickness). 
Figure AS.6: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/co) vs. time for catalyst filter cakes (20 
mm nominal cake thickness). 
Figure AS.7: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/col vs. time for catalyst filter cakes formed 
at L'l.P = 25 kPa (10 mm nominal cake thickness). 
xvi 
Figure A5.S: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c!co) vs. time for catalyst filter cakes formed 
at ~p = 25 kPa (20 mm nominal cake thickness). 
Figure A5.9: Comparison between theoretical prediction and experimental data of 
fractional recovery vs. time for catalyst filter cakes (10 mm nominal cake 
thickness). 
Figure A5.10: Comparison between theoretical prediction and experimental data of 
fractional recovery vs. time for catalyst filter cakes (20 mm nominal cake 
thickness). 
Figure A5.11: Comparison between theoretical prediction and experimental data of 
cumulative volume vs. time for the filtration and deliquoring of catalyst 
suspensions and cakes (10 mm nominal cake thickness). 
Figure A5.12: Comparison between theoretical prediction and experimental data of 
cumulative volume vs. time for the filtration and deliquoring of catalyst 
suspensions and cakes (20 mm nominal cake thickness). 
xvii 
List of Tables 
Table 1.1: Categorisation of commercially available types of filter press (adapted 
from Rushton et aI., 1996). 
Table 1.2: Types of colloidal dispersion [Shaw, 1992]. 
Table 2.1: Parameters to be determined in the characterisation experiments. 
Table 2.2: Ranges of parameters to be evaluated in the catalyst leaf filter cycle 
experiments 
Table 2.3: Ranges of parameters to be evaluated in the titanium dioxide leaf filter 
cycle experiments. 
Table 3.1: Filter press frame specification data. 
Table 3.2: Filter plates specification data. 
Table 4.1: Pore and pore size distribution data for SCAPA-Primapor media, obtained 
using a Coulter™ Porometer IT (Version 3B). 
Table 4.2: Media permeability values obtained at different operating temperatures. 
Table 4.3: Pore size data of the media after testing at different temperatures. 
Table 4.4: Results of D IO, Dso and D,o particle size analysis for the catalyst obtained 
from Malvern TM MasterSizer. 
Table 4.5: Results of D lO, Dso and D90 particle size analysis for Ti02 at pH4 obtained 
from the standard dispersion method and @concentration method using a 
Malvern TM Mastersizer S. 
Table 5.1: Conunissioning filtration tests of catalyst and TiOz suspensions to verify 
laboratory scale apparatus reliability in providing reproducible data. 
Table 5.2: Commissioning upward and downward filtration tests of catalyst 
suspensions to verify laboratory scale apparatus reliability in providing 
reproducible data. 
Table 5.3: RVF sample identification terminology. 
Table 5.4: Diaphragm filter press sample identification terminology. 
xviii 
Table 6.1: Laboratory scale experiments performed with the catalyst material. 
Table 6.2: Scale-up parameters calculated for experiments CLl-CL26 and the 
selected catalyst experiments, CL2-CL6. 
Table 6.3: Ranges of experimental parameters obtained from experimentation at 
different cake thicknesses. 
Table 6.4: Wash liquor flow rates (m3 S·l) obtained at different washing pressures for 
catalyst filter cakes of nominal cake thicknesses of 5, 10 and 20 mm. 
Table 6.5: Additional filtration experiments carried out at ~P = 65 kPa using the 
catalyst material, with filtration performed downwards or upwards. 
Table 6.6: Summary of process scale RVF operating conditions during the test work 
with the catalyst material. 
Table 6.7: Process operating conditions for the filtration of catalyst material using a 
process scale RVF. 
Table 6.8: Process operating conditions (or the washing of catalyst material using a 
process scale RVF; data obtained over a two week period. 
Table 6.9: Laboratory scale experiments performed with Ti02• 
Table 6.10: Scale-up parameters obtained from all experiments and for selected Ti02 
experiments. 
Table 6.11: Process scale experiments performed with the Ti02 material. 
Table 6.12: Scale-up parameters obtained from experiments TP6-TP9. 
Table 7.1: Comparative theoretical and experimental data for the constant pressure 
filtration of catalyst suspensions in experiments CLl-CL26. 
Table 7.2: Characteristic dispersion numbers for the washing phases of experiments 
CLl-CL17. 
Table 7.3: Predicted wash liquor flow rates (m3 S·l) obtained at different washing 
pressures for catalyst filter cakes of nominal cake thicknesses of 5, 10 and 20 
mm (compared with Table 6.4). 
Table 7.4: Comparative theoretical and experimental data for the process scale 
filtration of catalyst suspensions in experiments CPI-CPIl. 
Table 7.5: Characteristic dispersion numbers for the washing phases of experiments 
CPI-CPll. 
xix 
Table 7.6: Comparative theoretical and experimental data for the process scale 
washing of catalyst filter cakes in experiments CPI-CPI!. 
Table 7.7: Comparative theoretical and experimental data for the constant pressure 
filtration of 350 g r 1 Ti02 suspensions in experiments TLl-TL7. 
Table 7.8: Characteristic dispersion numbers for the washing phases of experiments 
TLl-TL3. 
Table 7.9: Experimental and predicted wash liquor flow rates (m3 s·l) obtained for 
Ti02 filter cakes. 
Table 7.10: Comparative theoretical and experimental data for the process scale 
filtration of Ti02 suspensions in experiments TP4-TP9. 
Table 7.11: Characteristic dispersion numbers for the washing phases of experiments 
TP6-TP9. 
Table 7.12: Computer software attributable to Tarleton and Wakeman for equipment 
selection, experimental data analysis and filter cycle simulation [adapted from .' 
Wakeman and Tarleton, 1999}. 
Table A3.1: Estimated filtration times for Ti02 suspensions filtered at different 
pressures (obtained from Figure A3.2). 
xx 
1. Literature Review and Fundamentals 
1.1 Introduction 
As defined by Svarovsky [1985] "filtration achieves separation of solids (from liquid) 
by passing the suspension through a permeable medium which retains the particles". 
Solid-liquid separation is effected practically by either 'surface' or 'depth' filtration. 
Surface filtration involves the fonnation of a cake on the medium surface. Media 
used are therefore relatively thin. Depth filtration involves solid deposition within a 
relatively large depth of medium. Filters of this nature are described as 'deep bed' 
filters. 
In general, depth filtration is concerned with the removal of small quantities of 
contaminants. Surface, or cake, filtration in contrast, tends to be used for more highly 
concentrated suspensions. Filtration technology is used extensively in virtually all 
industries, including the chemical industry in which this research is based. Within the 
chemical industry cake filtration receives greater exposure, thus the following text is 
concerned primarily with cake filtration. 
Cake filtration is generaJly carried out with feed suspensions containing more than 1 % 
solids by volume. The objective of the filtration is usually either 
(i) recovery of the solid component 
(ii) recovery of the liquid component, or, 
(iii) recovery of both system components. 
Flow of the liquid component through a medium is achieved by application of a 
driving force such as positive pressure, negative (vacuum) pressure, gravity and/or 
centrifugation. As a suspension approaches the medium, the solids deposited fonn a 
cake on the upstream surface, whilst the liquid component penneates downstream. 
Once the initial cake layer has fonned, it can be observed that the cake structure 
subsequently operates as the filtering medium, with further solids being deposited, 
adding to the thickness of the cake. The cake is therefore composed of a bulky mass 
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of particulates, usually of irregular shape, supporting each other surrounded by the 
liquid component. 
Filtration is generally the first stage involved in a filter cycle. Either a washing, 
deliquoring or consolidation stage can follow this stage. Filter cakes are generally 
washed with a clean wash liquor in order to remove undesirable constituents, e.g. 
dissolved solids, remaining within their liquid component. There are two main 
washing techniques, described as displacement washing and reslurry washing. Within 
the context of this study displacement washing was employed, which "involves the 
direct application of the wash liquor to the filter cake surface, and subsequent 
pe=eation through the voids to remove the dissolved material by a combination of 
displacement and mass transfer processes" [Wakeman, 1981(a)]. Deliquoring "is a 
process whereby filtrate trapped within the voidage of a filter cake is removed by the 
application of desaturating forces to the cake" [Wakeman, 1981(b)]. In order to 
deliquor a filter cake, usually either air or inert gas is blown through the filter cake. 
Mechanically driven 'squeezing', often referred to as expression, of a filter cake is an 
alternative. 
In the remainder of this chapter it is the intention to introduce the topics relevant to 
the research. The project subject area draws upon a wide ranging knowledge base 
which incorporates a fundamental knowledge of filtration, washing and deliquoring, 
along with an appreciation of issues such as surface chemistry and scale-up. 
1.2 The Filter Cycle 
The operation and efficiency of a filter should be assessed over the whole filter cycle. 
This incorporates the time required to perfo= the filtration, tf, and if applicable, the 
washing, two deliquoring, td and consolidation phases, te. In conjunction with these 
times, factors such as filling and discharging the filter must be considered, which are 
usually combined and referred to as the downtime, tdw. A simplistic and rather 
obvious equation can therefore be generated from which to calculate the total filter 
cycle time, lJe. 
(1.1) 
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As an example, a continuous (belt) filter is shown in Figure 1.1 to illustrate the filter 
cycle and its incorporated stages. This filter cycle arrangement involves a filtration 
phase followed by a washing phase and then a deliquoring phase, after which the filter 
cake is subsequently discharged. An alternative filter cycle may have the deliquoring 
stage before the washing stage, depending on the process requirements. 
Corresponding filter cycles can be represented for pressure filters where, for instance, 
a diaphragm filter press may incorporate a cake consolidation phase following cake 
formation [Tarleton and Wakeman, 1993J. 
suspension wash 
Figure 1.1: Representation of the filter cycle operation on a belt filter [Wakeman and 
Tarleton, 1999]. 
With regard to the overall cycle time, definition· and estimation of the overall 
productivity, p', is made by use of the following equation. 
p' = cV (1.2) 
where V is the volume of filtrate produced per cycle and c' is the mass of dry solids 
deposited per unit of filtrate volume (i.e. c' ps where p is the fluid density, s (l-ms) 
is the mass fraction of solids in the feed slurry and m is the mass of wet cake divided 
by the mass of dry cake). 
Detailed equations for filter cycles are given as appropriate in Sections 1.2.1 - 1.2.3. 
Definitions made in Section 1.2.1 are also fundamental to the productivity of a filter. 
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For example, cake thickness, defined by eqn. (1.5), is critical in terms of discharging 
the cake from the filter. Thus for most filters there is a minimum cake thickness, 
below which inefficient operation (discharge) can be observed. Operation of a filter 
may either be at constant pressure, constant flow, or variable pressure-variable flow. 
All modes of operation shall be detailed in Section 1.2.1, for both incompressible and 
compressible systems. 
1.2.1 Filtration Fundamentals 
The basis for most filtration calculations is a material balance (see Figure 1.2) such 
that the mass of slurry is equal to the mass of wet cake and mass of filtrate. After 
rearrangement, the mass of cake deposited per unit area, w, in filtration area, A, can be 
expressed as: 
wA PS'V=e'v 
1-~ 
se 
where Se is the average mass fraction of solids in the cake. 
Filter medium 
surface area, A 
Suspension feed 
concentration, e' 
SUSPENSION 
FILTER CAKE . 
Mass of dry 
solids deposited, 
w, per unit area 
Cumulative filtrate 
volume, V, filtered 
in time, t 
Figure 1.2: Schematic of filtration system. 
(1.3) 
Tiller and Leu [1993] clearly point out the difficulties of obtaining a value for 
. . Id' wA 'f' . ConcentratIOn, e', can slmp y be calculate as e = -, 1 It IS 
V 
concentration. 
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possible to obtain the mass of solids in the cake, however this is not always easy in 
practise. They suggest an alternative approach that considers the cake thickness, L, 
which is related to w by: 
w= p,(I-l)L (lA) 
where p, is the true solids density and e is the average porosity of the cake. 
Combining eqns. (1.3) and (lA) yields: 
L C ----V=cLV 
p,(I-e)A (1.5) 
where CL is the ratio of the cake thickness L to the filtrate volume, V. The spacing of 
leaves, frame thickness, and minimum cake thickness for removal from vacuum drum 
filters all depend on a knowledge of cake thickness and is thus of primary importance 
when designing filters [Tiller and Leu, 1993]. 
"Filtration theory has evolved from the classical law governing fluid flow through 
porous media, Darcy's law" [Wakeman, 1979(a)]. From experiments, which passed 
water through beds of sand, Darcy [1856J developed an equation for fluid flow 
through a porous medium. Using a material co-ordinate w (mass of dry solids/area, in 
distance 0 to x) gives [Tiller et aI., 1979J: 
dPL dPs 
dw = - dw = j..l(xq (1.6) 
wheredw = Ps (1- e)dx, .u is the filtrate viscosity and the local specific resistance of 
the filter cake, a, is related to the permeability, k, and the fraction of cake occupied by 
the solids (I-e) by: 
1 (1.7) a=----
ps(1-e)k 
where PL is the local hydraulic pressure at a distance x through the cake, Ps is the 
solids compressive pressure, q the superficial filtrate velocity, and e is the porosity. 
An inherent assumption within Darcy's formulation is that q, the superficial flow rate, 
remains constant throughout a cake. Whilst some researchers [Heertjes, 1964: 
Rushton and Hameed, 1969] have examined the effects of q on cake formation, 
Wakeman [1978J has modelled systems when q is not constant, which subsequently 
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involves the solution of complex partial differential equations. Ruth [1946J proved 
that Darcy's original theoretical analysis is only valid for incompressible cake 
filtration. Assuming constant cake porosity, for a fixed filtration pressure, it was 
shown that the resistance of the filter cake formed is proportional to the amount of 
solids deposited on the medium. 
Rearranging eqn. (1.6) yields: 
o Mc dP 
-JLqfdw=JLqW= f_s 
w 0 a 
where .dPc the pressure drop across the cake and given by 
Me =p-~ =P-JLqRm 
(1.8) 
(1.9) 
where P is the applied filtration pressure, P 1 is the liquid pressure at the cake medium 
interface and Rm is the medium resistance = Lm , the medium thickness divided by the 
km 
permeability. Integration of eqn. (1.8) over the filter cake, assuming q is constant at 
any instant throughout the cake and that et is a function of cumulative drag stress only 
yields the result initially stated by Sperry [1916]. 
1 dV M q=--
A dt f.1(aw+Rm) (1.10) 
where the average specific cake resistatlCe, a is defined as: 
~ = _1_ MefC ~dP - An S a !>re 0 a (1.11) 
Rm is assumed to be constant for a given flow rate of clean liquid through a porous 
layer; hence the flow rate is constant for a given pressure differential. It is important 
to note that this relationship only holds when the permeability of the porous medium 
is uniform throughout its depth and the medium does not undergo deformation with 
applied pressures. In deriving eqn. (1.10) a number of implicit assumptions are made. 
These include: 
• particles do not pass through or into the filter medium; they simply form a filter 
cake on the surface of the medium. 
• the filter medium is not 'blinded' due to penetration of fines. 
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• q, the superficial flow rate, remains constant throughout the cake and streamline 
flow conditions exist. 
• uniform porosity and time independent permeability are also filter cake 
characteristics required in this analysis. 
• often eqn. (1.10) is connected with constant pressure filtration. However, it is 
equally applicable to constant-rate (positive displacement pump) and variable-rate 
variable-pressure (centrifugal pump) operations. 
Throughout this derivation Rm is assumed to be constant. Tiller et al. [1981] 
questioned this assumption. They suggested the likely mechanism of fine particles 
penetrating the interstices the filter medium. This evidence would suggest that a is 
not only dependent on LlPc, but also on Rm. 
A limitation of eqn. (1.11) is that for a to remain constant LlP c must maintain a 
consistent value. It is apparent from the relationship that average specific cake· 
resistance is strongly dependent on the pressure drop across the cake. In the initial 
stages of constant-pressure filtration, all the pressure drop is due to the medium. Thus 
LlP c starts from a value of zero and increases as the cake builds up on the surface of 
the medium. Therefore if the value of LlP c is changing, so will a . 
1.2.1.1 Incompressible Cake Filtration 
Incompressible, or non-compressible cakes are defined as cakes of which the mean 
specific resistance does not vary with the filtration pressure [Rietema, 1953]. As 
stated previously, streamline flow conditions are assumed to exist in incompressible 
filtration. Momentum transfer from the liquid to the solid particles results in a 
cumulative drag force on the solids. This force acts in the direction of flow and 
increases towards the medium. Filter cake formation proceeds, and in this case, no 
structural changes take place. The surface layer of the cake is unstressed because 
there is no relative motion, between the solid and the liquid in the slurry, at the cake-
slurry interface to cause viscous drag [Hosten, 1993]. 
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Noting that a and a are identical in an incompressible filtration combining eqns. 
(1.3) and (1. 10) gives the general filtration equation 
dt == ape' V + ,uRm 
dV A2M> AM> 
(1.12) 
"For purpose of mathematical treatment, filtration processes are classified according 
to the variation of the pressure and flow rate with time" [Shirato et al., 1987]. Three 
basic classifications of filtration operation can be defined. For constant pressure 
filtration eqn. (1.12) can be integrated and rearranged to give: 
.!... == aflC' V + ,uR", 
V 2A2M> AM> 
(1.13) 
If p, c' and A remain constant, it is possible to calculate a and Rm by continuously 
. monitoring t and V during an experiment using eqn. (1.13) (see Figure 1.3). 
MP 
Volume (m') 
~ac 
Slope = -... ------
2A't:.P 
Figure 1.3: Graphical representation of eqn. (1.13). A plot of reciprocal flowrate vs. 
cumulative filtrate volume for a constant pressure filtration. 
When dV == constant a corresponding equation can be produced, from eqn. (1.12), for 
dt 
'constant rate filtration'. Utilisation of positive displacement pumps would permit 
such operation. 
(1.14) 
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To obtain the condition of 'variable pressure and rate' centrifugal pumps are used. 
This results in the rate varying with the back pressure on the pump. The following 
equation describes these conditions. 
(1.15) 
where Q is the volumetric filtrate flow rate. 
Graphical representation of the three types of filtration for filtration pressure vs. time, 
is shown in Figure 1.4. 
1-------::======= Constant pressure 
Variable pressure, variable rate 
0.. 
Constant rate (compressible) 
Constant rate (incompressible) 
Time, t 
Figure 1.4: Graphical representation of the pressure vs. time relationships for constant 
pressure, constant rate, and variable pressure-variable rate filtration systems [Shirato 
et al., 1987]. 
1.2.1.2 Compressible Cake Filtration 
Most filter cakes show some degree of compressibility where the porosity varies from 
the face of the cake to the medium, so that in general, the porosity is greater nearer the 
slurry-cake interface than it is near the medium [Baird and Perry, 1967]. As a filter 
cake fonns, a new surface layer replaces the previous, which subsequently causes 
liquid to be 'squeezed' out of the already fonned cake. As filtration progresses the 
filter cake penneability is generally reduced, which aids the retention of solids, as the 
liquid flows through the cake in a tortuous manner. 
According to Wakeman [1985], once a compressible cake has been deposited, its 
characteristics are possibly time dependent and affected by a number of factors. These 
include: 
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1. Re-alignment of the particles. Assuming that the particles themselves 
are not compressible, particle re-arrangement may occur, leading to a 
lower porosity arrangement. The drag on each particle is 
communicated to the next particle which consequently increases the 
net solid compressive pressure as the medium is approached [Shirato 
et al., 1985] to an extent dependent on particle shape, size distribution 
and arrangement [Tiller and Crump, 1985]. 
2. Deformation of particles under high pressures. 
3. A gradual increase in the medium resistance throughout the filtration as 
generally finer particles from the cake tend to penetrate the cloth pores. 
Expressions to estimate filter medium blocking have been provided by 
Hermans and Bredee [1936], who derived laws to account for this. They 
assumed that the filter medium could be regarded as a bundle of parallel 
capillaries. The proposed mechanisms described are as follows: 
(i) Cake type: no particulate penetration into the filter 
medium capillaries as cake formation takes place. 
(H) Standard type: particles gradually build up on the capillary 
walls such that the capillary volume decreases proportionally to the 
volume of filtrate passed through. 
(iii) Complete type: the medium capillaries become completely 
sealed as particles penetrate. 
A fourth intermediate blocking type was identified between the cake 
filtration and standard type. Hermia [1982] produced a physical 
model to describe this. 
4. The migration of the finest particles within the cake in the direction of 
flow, leading to entrapment within the cake interstices and an increase in 
the specific cake resistance. 
Ruth [1946] envisaged that the Compression-Permeability (C-P) cell (Figure 1.5) 
would provide an appropriate method for characterising compressible cake filtration 
whereby filtration experiments are performed over a range of constant pressures. 
Although the methodology has proven successful in several investigations such as 
those performed by Ingmanson [1953], Kottwitz and Boylan [1958] and Grace 
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[1953(a), 1953(b)] for inorganic and latex materials which gave predicted values of 
specific cake resistance within ±lO% of the values obtained from pressure filter tests 
provided the thickness to diameter ratio of a compressed cake did not exceed 0.6, 
several researchers have highlighted problems. The applicability and underlying 
principles of the C-P cell were questioned by Shirato et al. [1968], who pointed out 
the influences of side-wall friction. Tiller [1955, 1958] found that there are 
significant interactions between the cell wall and the compressed cake, and that all 
experimental data should be adjusted accordingly to account for non-uniform stress 
distribution profiles. Further papers by Tiller elaborate further on this [Tiller et at., 
1972(a); Tiller and Lu, 1972(b)]. Inherent within C-P cell data generation is the 
assumption that measured porosity and/or specific cake resistances are comparable to 
those obtained in filters. For suspensions that demonstrate time dependency i.e. an 
ageing effect, this may not be the case. Wakeman [1978] attributed little confi~ence 
to C-P cell data for the estimation of filtration times; work which was supported by 
Shirato et al. [1985], who also questioned the applicability of C-P cell data to 
industrial applications. The time taken to generate C-P cell data was also felt to be 
excessive, in the light of the limitations of the technique. C-P cells have been used to 
generate data from which scale-up methodologies are based. 
r---t---1MeChaniJ 
load 
Marionette 
bottle Cake 
Piston 
FIxed 
cell 
body 
I_--tl£qot--:Jp Porous 1" media 
Penneate -..~:j~~S~ 
Measured load 
Figure 1.5: Compression permeability cell [Rushton et al., 1996]. 
Tiller adopted a trial and error approach to model the relationship between cumulative 
drag stress and pressure drop. The model considers particles in point contact, where 
the liquid pressure is assumed to be effective over both the filter medium and filter 
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cake. The assumption of point contact is equivalent to assuming that e = 1. Low 
liquid velocity is inherent to this theory which also assumes negligible drag and 
inertial forces. Arising from this, Tiller related the drop in liquid pressure, PL, to the 
rise in cumulative drag stress, Ps [Tiller and Crump, 1977: Tiller et al., 1980: Tiller et 
al., 1987]. 
(1.16) 
Willis and Tosun [1980] modified eqn. (1.16) in their paper 'A rigorous cake filtration 
theory'. The assumption that e= I was felt to be totally unacceptable, as this assumes 
that there is no solid phase present. Thus eqn. (1.16) was modified, stating that the 
drag stress is also proportional to the porosity. 
dPs =-cdPL (1.17) 
Characterisation of cake compressibility is usually obtained from a series of filtration 
experiments. The experiments are carried out over a range of pressures from which 
tlV vs. V plots can be obtained. Using the standard procedure (and eqn. 1.13) a value 
for average specific cake resistance, a, can be obtained from the gradient of each line 
generated. Variability in the value of a, increasing with pressure, would conclude 
that a cake is compressible. Arising from the same argument, a constant value of a 
would suggest the cake is not compressible. Plotting specific cake resistance against 
pressure (on log-log scales) should give a straight line over a specified range of 
pressures, from which the degree of compressibility may be estimated. Empirical 
equations relating local specific cake resistance and porosity (e) can be stated as: 
a=ao(tll's)" (1.18) 
e=eo(tll's)-J. (1.19) 
where ao is the resistance at unit applied pressure, n is the compressibility index, &0 is 
the cake porosity at unit applied pressure and A, is an empirically derived constant. 
Average values of specific cake resistance and porosity are often required in process 
models. Manipulation of eqns. (1.18) and (1.19), substituting eqns. (1.8) and (1.11) 
and integrating for P s(O, ,Jp c) yields: 
if = (1- n)ao(tll'c)" (1.20) 
(1.21) 
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The terms av, n, Eo and A, are often referred to as scale-up constants and their practical 
applicability is discussed in Section 1.3. It should be noted that similar expressions 
exist for solidosity and voids ratio [Tarleton and Hancock, 1997]. By combining 
eqns. (1.12) and (1.20) it is possible to construct equations for compressible filtration 
in terms of constant pressure, constant rate, and variable-pressure-variable-rate; the 
general equation having the form: 
dt = /lc'ao (1- n)l1P; V + J.lRm 
dV A2M' AM' 
(1.22) 
Integration of eqn. (1.22) and utilising a similar methodology to incompressible 
filtration yields equations for constant pressure, constant rate, and variable-pressure-
variable-rate: 
t flC 'ao (1- n )11P;V J.lRm 
-= +--
V 2A2M' AM' 
(1.23) 
P = (flC'ao(1- n)I1P;Q2 )t + J.lRmQ 
A2 A 
(1.24) 
V=( A2 ,)((M'-M'm)l-n) 
(1- n )aof.lC Q (1.25) 
Throughout this section it can be observed that porosity plays a key role in the 
development of filtration theory. The porosity of a filter cake will generally vary with 
distance from the cake surface and the assessment of porosity variation enables 
determination of the average porosity, e. Okarnura and Shirato [1955] measured 
hydraulic pressure variations within a filter cake using pitot tubes, Baird and Perry 
[1967] and Rietema [1953J measured local porosities at various depths within filter 
cakes via electrode pins, which essentially detected variations in electrical resistance. 
They concluded that porosity variation was not uniform and that the point of lowest 
porosity was not necessarily at the filter medium surface. Whilst other workers have 
also used electrode sensors [Perry and Dobson, 1971; Shirato and Aragaki, 1972; 
Wakeman, 1981(c); Nasr-El-Din et aI., 1987; Chase et aI., 1990; Tarleton and 
Hancock, 1995, 1997], Bierck et al. [1988J developed a synchrotron X-ray absorbence 
technique for monitoring suspended solids distributions in growing compressible filter 
cakes. It was claimed that suspended solid concentration profiles could be obtained 
with a better resolution and accuracy. Further work by Bierck and Dick [1990] 
examined the effects of pressure differential on compressible cake filtration, and 
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utilised the same technique. Other work has applied nuclear magnetic resonance 
techniques to determine filter cake properties [Friedmann and Windhab, 1998). 
To obtain values for average porosity, eqn. (1.26) can be used and related to Fignre 
1.6. 
, 
I 
1 
1 
I 
: FEED 
I CONCENTRATION 
(1.26) 
.... 
SOllDS CONCENTRATION, (VOLUME FRACTION) - .. 
Figure 1.6: A typical solids concentration profile during filtration [Willmer, 1996). 
As a basis for so-called 'modem filtration theory' Tiller [1975) presented an 
alternative formulation (to eqn. 1.6) of Darcy' s law which may be stated as: 
dP 
_s = p.qPs (1- e)a: 
dx 
(1.27) 
A useful expression for e can be simply obtained by substitution of eqn. (1.27) into 
eqn. (1.26), which in turn relates e to a: and e. This-is given as: 
_ 1 I "'"e cdPs 
e = flPsq L [ a:(l- e) (1.28) 
Further development of this theory, yields an expression for L which utilises the 
power law relationships given in eqn. (1.18) and (1.29) where j3 and B are empirically 
derived constants. 
(1.29) 
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The 'product rate equation' gives cake thickness as a function of time, with 00, fJ, n 
and B detennined experimentally. 
1 c,pl-n-p 
L= c 
J.lp,qa,B (1- n - {3) (1.30) 
Several other advanced models have been developed to model compressible cake 
fonnation. Based on the differential equations of continuity and momentum [Smiles, 
1970], a Lagrangian co-ordinate system and similarity transfonnation were used to 
convert the governing equations to ordinary differential equations. These initial 
findings were criticised [Atsumi and Akiyama, 1975; Tosun, 1986], such that further 
developments utilised a moving boundary condition at the evolving cake surface 
[Wakeman, 1978; Tosun, 1986; Stamatakis and Tien, 1991]. In all these proposed 
models no interparticle interactions were acknowledged, thus Landman et al. [1993, 
1995] attempted to address this, by introducing the concept of 'networked' particles. 
However, Landman's model stilI requires 4 empirically derived to work (eqns .. ,(1.20 
and (1.21)). 
Koenders and Wakeman [1996, 1997(a), 1997(b)] developed a model incorporating 
interparticle interactions to analyse filtration data, utilising the suspension properties, 
unlike previous works. They found that filtrate volume, during the initial stages of 
cake fonnation, is dependent on the surface chemistry of the system (see Section 1.4); 
highlighting the importance of zeta (1;,-) potential. As with all these advanced models 
further work is required to validate their applicability. Other workers of note in the 
subject area are Chase, Willis and Tosun [Chase and Willis, 1991, 1992; Willis et al., 
1983; Willis and Tosun, 1980; Tosun, 1986]. 
1.2.1.3 Filtration with Simultaneous Sedimentation 
Definition of the filtration process has been made, with a , the average specific cake 
resistance central to most experimental studies. However "it does not provide a 
rational basis for understanding the internal mechanisms controlling particle 
deposition, cake compression during filtration or fluid flow through the interstices of 
the cake" [Wakeman, 1981(c)]. Uncertainty has been raised whether equivalent a 
values are obtained for upward and downward filtrations, with experimental evidence 
IS 
provided by Wakeman [1979(a)] to support this claim. Rushton and Rushton [1973] 
explained apparent differences in terms of particle size distribution, providing 
equations to take into account changes in particle size distribution throughout the 
cake. Sedimentation of the larger particles away from the filtering surface in upward 
filtration would lead to a cake composed of finer material during the initial stages of 
upward filtration, followed by the subsequent migration of the coarser material to the 
filtering surface. 
Stokes law describes the basis of a single particle settling, in an infinite expanse of 
fluid. Stokes settling velocity (Ut) is defined as: 
_2 
Ut 
x g(p, -p) 
l8,ll 
(1.31) 
where x is the mean particle size, g is the gravitational constant and ps is the solids 
density. Suspension settling is determined by two primary factors - suspension solids 
concentration and particle aggregation. In concentrated systems, unlike those 
described by Stokes law, particle size will have reduced bearing on the settling rate. 
Interference between particles leads to concentration becoming the critical factor in 
suspension sedimentation. Figure 1.7 depicts the principles described, relating solids 
concentration to aggregation. 
low 
solids 
concentration 
dilute 
sedJmentation 
hindered 
settling 
compression 
channelling 
high "-__________ ~ 
partlcuJate t10cculant 
Figure 1.7: Settling systems [Fitch, 1962]. 
Considerable work has been carried out to describe each constituent system 
characteristics and can be found in literature [eoe and Clevenger, 1916; Kynch, 1952; 
Richardson and Zaki, 1954]. Particle interactions and flocculation are discussed 
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further in Section 1.4, in terms of the electrical double layer and zeta (1;-) potential. 
Gregory [1975, 1998] has carried out extensive work in this area. 
A typical batch settling curve is presented in Figure 1.8 from which a constant initial 
sedimentation rate can be obtained (between (a) and (b)). Prior to this, an induction 
period is observed during which the suspension can be either recovering from initial 
disturbances or flocculating. A transition period, between (b) and (c), is encountered 
ending at point (c), the compression point. In practicality, the compression point is 
defined as the point at which all the particles are touching and where no further 
settling is taking place. Mter the compression point another falling rate period is 
observed. 
height of 
interface" 
t2 time 
Figure 1.8: Batch settling curve [Rushton et al., 1996] 
Bockstal et al. [1985] attempted to combine the principals and theories of filtration 
and sedimentation. Using the concepts developed in Section 1.2.1.1, the mass of 
solids deposited due to filtration alone can be described by eqn. (1.3). For systems 
involving filtration and sedimentation, they stated mass deposited was due to two 
constituent parts. For filtration, eqn. (1.3) was used, in addition to a term accounting 
for sedimentation defined as: 
wA=c'Au,t (1.32) 
Eqn. (1.32) assumes the slurry concentration above the cake remains constant and that 
the settling velocity of the particles is constant. Accounting for the sedimentation an 
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equation for constant pressure filtration can be developed (eqn. (1.33», which can be 
reduced to eqn. (1.13) when there is no sedimentation i.e. Ut = O. 
t 
V 
(1.33) 
Limitations of Bockstal's model are based around the assumption of constant particle 
settling velocity. For many suspensions this will not be the case. Thus further 
developments are required, which take into account particle interactions and 
suspension concentration effects, to model simultaneous filtration and sedimentation. 
Other works of note include Theliander and Fathi-Najafi [1995] and Tiller et al. 
[1995]. Theliander and Fathi-Najafi developed computer code to calculate cake 
height, pressure profile and local specific cake resistance, which provided good 
correlation between theory and experimental data. They used a 'layer by layer' 
approach that, unlike Wakeman's earlier work [Wakeman, 19S1(c)] which divided the 
filtration process into equal-sized time intervals, used equal-sized filtrate volume 
intervals. Tiller et al. [1995J, found in a gravitational experiment with kaolin that the 
average specific cake resistance was 3.75 times greater than the value obtained which 
included the effects of sedimentation. It was also shown that, contrary to assumptions 
made in other works, the slurry concentration above the cake increases with time. In 
the light of these findings it can be concluded that existing filtration theory requires 
modification to account for the effects of sedimentation. 
1.2.2 Cake Washing 
Filter cakes are generally washed with a clean liquor in order to remove undesirable 
constituents, such as dissolved solids and ionic contaminants. Generally displacement 
washing is adequate, which simply substitutes the liquid held in the cake for the 
preferred wash liquor, although occasionally if the cake is compacted or of high 
resistance cake reslurry and filtration may be advantageous [W olthuis, 1997J. The 
following sections outline these two washing techniques, with particular reference to 
displacement washing, the most frequently used method. 
With regard to the filter cycle it should be noted that the washing process may be 
further complicated if a deliquoring phase has preceded it. The state of the cake 
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saturation at the beginning of washing is a decisive factor on the amount of washing 
liquor required for a given washing process [Batigun and Tosun, 1987]. Deliquoring 
by gas blowing can leave a cake 'cracked' and thus channelling effects where wash 
liquor preferentially travels through larger voids becomes apparent, and leads to 
inefficient washing. 
Wakeman [1983] studied some of the physical and chemical effects of pre-treatment 
methods on filter cake washing. He concluded that the size of a washing filter is 
dependent on both chemical and physical pre-treatment processes, which affect both 
the cake formation and cake washing stages of the cycle. If deliquoring has taken 
place, prior to washing the residual feed liquor can reach a reduced level, defined in 
Section 1.2.3 as the irreducible saturation, such that contaminants only remain in the 
more remote interstices of the cake. Two distinct methodologies have been postulated 
to model the mass transfer processes involved in the transfer of this residual solute to 
the wash liquor. Uniform film models, [Kuo, 1960; Kuo and Barrett, 1970] 
conceptualise the filter cake as a series of capillaries in which the filtrate forms a film 
along their surface. Blind-side channel modelling, developed by Han and Bixler 
[1967] and Wakeman and Rushton [1974], makes further assessment of this scenario 
and caters for the calculation of the recovery of solute from 'pockets' which may exist 
on the sides of the capillary channels. 
In practise a filter cycle operation involving unsaturated filter cakes (e.g. filter-
deliquor-wash-deliquor) may be evident in equipment such as belt filters. The more 
usual operation on pressure and vacuum filters is likely to provide a filter-wash-
deliquor cycle and deliver saturated cakes prior to the commencement of washing. 
1.2.2.1 Displacement Washing 
Displacement washing involves the direct application of the wash liquor to the filter 
cake surface, and subsequent permeation through the voids to remove the dissolved 
material by a combination of displacement and mass transfer processes [Wakeman, 
1981(al]. There are numerous models to predict displacement washing, although 
complete mathematical description of the process involved in the removal of 
dissolved solutes is still awaited [Rushton et al., 1996]. Most theoretical based 
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studies tend to follow the 'dispersion model' approach adopted by Wakeman and 
Tarleton [1990(a)], which involves changes in the cake solute with additional wash 
volumes and as a function of the dispersion parameter, Dn, defined as: 
vL L D D, =-=Re.Sc.--
DL x DL 
(1.34) 
where v is the pore velocity of the wash liquor, DL is the axial dispersion coefficient, 
D is the molecular diffusion coefficient and x is the mean particle diameter. The 
Peclet number, Pe, is the product of the Reynolds number, Re, and the Schmidt 
number, Se, which can also be expressed in terms of generally known parameters as 
R S vi" . e. e=- to gIve 
D 
DL = 0.707 + 55.5Pe 096 
D 
for cake thicknesses greater than 10 cm and 
DL = 0.707 + 1.75Pe 
D 
for cake thicknesses less than 10 cm. 
(1.35) 
(1.36) 
With a knowledge of Dn it is possible to determine washing progress by use of Figure 
1.9, where the instantaneous concentration of solute in the wash effluent from the 
cake, e, divided by the concentration of solute in the liquid in the cake at the start of 
washing, Co, is plotted against the number of wash ratios, WR. The higher the 
dispersion number, the closer to ideality the washing operation becomes. Wash ratio, 
WR, is defined as 
volume of wash liquor used _ Qwtw 
initial volume of residual filtrate retained in the cake e ALS 
(1.37) 
where Qw is the volumetric wash flow rate, tw is the washing time and S is the average 
cake saturation measured immediately prior to the onset of washing. 
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Figure 1.9: Washing curves plotted as dimensionless instantaneous concentration of 
solute in the wash effluent (c/co) plotted against wash ratio (WR). The parameter on the 
plot is dispersion number (Dn) (Wakeman and Tarleton, 1999]. 
An actual 'idealised' dispersion number has been proposed, for rotary vacuum filters 
(RVF's) which acts as a modification to eqn. (1.34). This is defined as 
Dn =0.5+1.351nDn aC/1Ul1 (1.38) 
It is clear from Figure 1.9 that washing efficiency varies according to the dispersion 
parameter [Wakeman and Attwood, 1987]. From this, by definition the fractional 
solute removal, F, and the percentage of solute left in the cake, R are expressed 
respectively as: 
w" 
R=lOO-F=IOO(l- f c-cw dwRl 
c -c 
"'RI 0 w 
(1.39) 
(1.40) 
and numerical integration of ~ vs. WR enables the evaluation of these equations, with 
Co 
F approaching 100% asymptotically, as R approaches 0%. 
In general filter cake washing curves such as those shown in Figures 1.9 and 1.1 0 can 
be regarded as involving three distinct regions [Wakeman and Tarleton, 1990(b)]. An 
initial stage which represents direct displacement of the retained fluid in the cake by 
the wash liquor, followed by a stage in which the solute concentration falls as a result 
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of a variety of mass transfer processes taking place in the pores of the cake. An 
intermediate phase is also detectable in which solute is displaced hydrodynarnicalJy 
from the smaller filter cake pores, along with mass transfer mechanisms effecting 
displacement in other pores. 
I 
,a --:'A 
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, 
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Void volume- of wash liquor used 
Figure 1.10: A filter cake washing curve showing the different washing regimes; (i) 
hydraulic displacement, (ii) intermediate stage, (iii) mass transfer stage [Wakeman, 
1981(a)]. 
The regions of the washing curve, and the mechanisms by which cake solute is 
removed have attracted significant research. Within the hydraulic displacement stage, 
washing efficiency is dependent upon the wash liquor rate and its subsequent 
permeation into the pores of the filter cake. In this context such factors in turn are 
dependent upon filter cake structural properties and void geometry.· The ideal case 
here would be if the wash liquor replaced, uniformly and completely, the residual 
liquid in the filter cake, with no mixing between liquors. Such a condition is referred 
to as plug-flow in which optimum displacement is affected, and the volume of wash 
liquor utilised is equivalent to the void volume within the cake. Line A in Figure 1.10 
represents this. 
Kuo [1960] modelled a washing system by assuming plug flow in the filter cake 
pores, along with continuous mass transfer between the wash liquor and residual 
filtrate. The work was limited by the assumption of plug flow, which inherently infers 
a uniform filter cake pore size and is rarely found in practise. In practise, all plug flow 
assumptions are limited by the fact that most filter cakes have constituent pores of a 
range of sizes, thus displacement will be effected preferentially in the larger pores. In 
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consequence, breakthrough of wash liquor is observed prior to the use of one void 
volume [Wakeman, 1981(a)]. Previous work by Choudhury and Dahlstrom [1957] 
had failed to describe the initial 'plug-flow' displacement of filtrate at the beginning 
of the washing stage, but Rhodes [1934] did provide an equation which correlated 
well with experimental data, for the mass transfer stage. 
Development of Rhodes work was made by Choudhury and Dahlstrom [1957}, who 
incorporated and allowed for the calculation of the percentage of solute remaining in 
the cake after washing. Moncrieff [1965] further developed their work and derived an 
alternative equation for the percentage of solute remaining in the washed filter cake. 
Limitations of Rhodes [1934} and Moncrieff [1965} work were however, exposed by 
Wakeman [1980] who stated that they "treat cake washing as a problem of mixing 
wash liquor and residual filtrate in the entire pore volume of the cake, not recognising 
that washing is a mass transfer process governed by molecular diffusion and 
dispersion kinetics". Figure 1.11 takes into account two scenarios for the mass 
transfer stage [Wakeman, 1981(a)}; one simpler model for cakes composed of non-
porous particles and a more complex situation where the particles are porous. In the 
latter, fluid is also held in the pores of the particles. Wherever the remaining residual 
solute may lie in the cake its removal is effected by either diffusional and/or mixing 
processes. 
Wash liquor Wash liquor 
A: Non-porous particles B: Porous particles 
Figure 1.11: Two scenario's describing how residual solute may be held in a filter 
cake, depending on whether the particles are non-porous or porous [Wakeman, 1973]. 
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A more complex and rigorous mathematical formulation has been presented by 
Batigun and Tosun [1987], that appears to validate the assumption of a plug flow 
velocity profile within the range of experimental parameters used. Further work has 
been carried out by Tomiak [1979(a); 1979(b), 1984] who developed a calculation 
methodology for filter cake washing on a belt filter. Tomiak proposed calculation 
procedures using material balances for multicomponent mixing, a scenario considered 
valid in the absence of sorption. 
The intermediate stage, between the hydraulic displacement and mass transfer stage, 
incorporates solute displacement (hydrodynamically) within the smaller pores of the 
filter cake, and simultaneously, mass transfer mechanisms driving the washing rate in 
the other pores. These mass transfer mechanisms then become the dominant 
characteristic within the washing procedure and are discussed below. 
At the start of the mass transfer stage, an amount of residual filtrate will remain in the 
filter cake interstices, which cannot be removed with further hydrodynamic 
displacement. In the scenario where a majority of the filtrate retained in the cake 
remains in the interstices of the particles themselves, Han and Bixler [1967] refem:d 
to this as 'blind side channelling'. The process was modelled such that wash liquor 
would pass through the capillaries, with a plug flow velocity profile, and displace 
solute from the side channels by diffusion. The designated length of the side channel 
was therefore a critical parameter to their model. 
An inherent assumption made in most proposed washing models is that the cake 
cannot be compressed further with application of the wash liquor. Further limitations 
are that filter cake porosity cannot really, in practise, be considered uniform at the end 
of filtration. The direction in which the wash liquor is applied to the cake is another 
serious consideration, which could subsequently change the structure of a filter cake. 
A change in operating pressure from the filtration to the washing could again have 
similar effects. To limit, and minimise, structural changes to the filter cake, the wash 
liquor is usually applied in the same direction as the filtration and a lower washing 
pressure may be employed. 
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1.2.2.2 Reslurry Washing 
Reslurry washing generally involves re-suspension of a compacted filter cake by 
application of a wash liquor and agitation; a methodology not required within the 
context of this work. Wakeman [1981(a)] describes multiple stage reslurry systems 
for an RVF and three stage belt filter. 
1.2.2.3 Continuous Countercurrent Washing 
Continuous washing can be carried out on either batch or continuous filters and in 
some cases may involve multiple washing systems. Countercurrent washing is used to 
make better use of the wash liquor, and may incorporate systems which involve 
displacement washing andlor reslurry washing. Subsequent modelling carried out on 
a stage-by-stage basis, utilises the methodologies previously described in Sections 
1.2.2.1 and 1.2.2.2. In practise, these washing systems are generally associated with 
the operation of rotary drum (Section 1.2.4.1), pan and horizontal belt filters (Figure 
1.1 ). Various studies utilising these filters can be found in literature [[Wakeman, 
1981(d»); [Herrnia and Taeymans, 1978]; [Choudhury and Dahlstrom, 1957]; [Kuo 
and Barrett, 1970]]. 
1.2.3 Cake Deliquoring 
Deliquoring is often referred to as dewatering, although this should be regarded as a 
specific term only applicable to circumstances when water is being displaced from a 
filter cake. Although much has been written on flow through porous media, emanating 
from Darcy's work, it was Brownell and Katz [1947] who further developed and 
applied this theory to filter cake deliquoring and associated design procedures. They 
proposed a modified Reynolds number which included a term, which was a function 
of particle shape, to model flow through a particulate bed i.e. filter cake. However, 
unless the particle shape is known this approach will yield little useful information 
[Wakeman, 1984]. Other empirical models have also been proposed [Silverblatt and 
Dahlstrom, 1954; Simons and Dahlstrom, 1966]. 
Wakeman [1976, 1979(b») considerably developed deliquoring theory providing 
correlation's which could be more widely applied. He introduced a concept of pore 
size index which demonstrated little variation between different filter cakes. Further 
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deficiencies were overcome allowing successful modelling of different applications 
with differing particle sizes and shapes [Wakeman, 1984]. 
Deliquoring times, along with washing times (discussed in Section 1.2.2), are 
generally estimated via methodology based on further work by Wakeman and Tar1eton 
[1990(b)]. In tenns of deliquoring time they highlight three factors which require 
quantification in order for calculation to proceed. They are as follows: 
1. the moisture content of the cake (degree of saturation). 
2. the time taken to reduce the cake moisture to a specified level. 
3. the air flowrate during the deliquoring period(s). 
In order to deliquor a filter cake usually either air or inert gas is blown through the 
filter cake. Mechanically driven 'squeezing' of a filter cake, often referred to as 
expression, is an alternative. A minimum pressure difference, Pb, across the cake and 
the medium must exist in order to effect and initiate dewatering and can be calculated 
from: 
4.6(1- e)CT (1.41) 
£x 
where CT is the surface tension of the liquid to be removed from the pores of the cake 
against the gas being used to displace the liquid. The deliquoring phase can be 
regarded initially as displacement of liquid by air, culminating in a transition stage 
which then proceeds into two phase flow. This two phase flow is established in the 
laminar region and after a period of time moves towards more turbulent conditions 
[Nicolaou and Stahl, 1993]. 
A 'limiting' saturation condition arises at the point when no further liquid can be 
removed from the cake at the existing operation conditions. Wakeman and Tar1eton 
[1990(b)] quantify this 'irreducible' saturation, S .. for both vacuum and pressure 
driven deliquoring by the following equation. 
S =:a [l+a (e 3x 2 (pgL+M)ro,] 
- 1 2 (1_£)2 LCT (1.42) 
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where aI, and a2 are constants. The irreducible saturation is regarded as a limiting 
condition; subsequently a reduced saturation, SR, is defined. 
(1.43) 
where S is the measured value of saturation achieved. The constituent parts of eqn. 
(1.43) can be regarded as the liquid in the cake that is potentially mobile divided by 
the total amount of mobile liquid in the cake. Rushton et al. [1996] provide 
diagrammatic representation of this as shown in Figure 1.12. 
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Figure 1.12: Capillary pressure curve [Rushton et al., 1996]. 
Representation of the variation of reduced saturation is often made, plotted against 
dimensionless time, t' and can be found in Figure 1.13. 
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Figure 1.13: Reduced saturation, SR vs, dimensionless time, t' [Purchas and 
Wakeman,1986]. 
The dimensionless time is obtained from the following equation. 
(1.44) 
Following on from this, the gas flow rate, averaged over the deliquoring time, can be 
calculated from eqn. (1.45), and is again plotted against t' in similar fashion. The air 
rates obtained from Figure 1.14 must be modified to allow for actual pressure from the 
equipment and its height above sea level. 
-' 1 j'·aps (1-e)f.t,L d' U a = --;-- ua t 
t 0 Ph 
(1.45) 
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Figure 1.14: Averaged gas flow rate vs. dimensionless time, t' [Purchas and 
Wakeman,1986J 
Carleton and Salway [1993J show, as in Figure U5, that there are two primary 
methods for deliquoring. Displacement of liquid in the cake voids, by air or inert gas, 
would generally be employed to deIiquor cakes composed of coarse particles with 
porosities of approximately 50% post-cake formation, and be completely saturated. 
For cakes with finer particles, there is the facility to compress the cake without 
reducing the saturation. This is due to the fact that finer particles tend to form cakes 
with higher porosities (60 - 80% or higher). Figure U5 relates cake permeability and 
moisture content, and their respective effects on the deliquoring process. 
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Figure 1.15: Effect of the cake permeability on dewatering mechanisms [Carleton and 
Salway, 1993]. 
1.2.3.1 Displacement Deliquoring 
This mechanism of deliquoring is conceptually two-phase flow through a porous 
medium. Wakeman [1981(b)] states that the air "does not actually contact the cake 
solid; a barrier, liquid film, lies between, which smoothes the flow channels through 
which the air flows". 
Development of Darcy's law aids the modelling of the two phase flow through the 
filter cake resulting in equations, taking into account the effective permeabilities of 
the liquid and air, which are dependent on the cake structure and its saturation. 
Utilisation of this extension to Darcy's law is based on the idea of relative 
permeability. Associated methodology can be followed in Wakeman [1981(b)]. 
Van Brakel et al. [1984] are critical of Wakeman's proposed models referring to the 
calculation methodology as "cumbersome". They provide a reasonable prediction of 
air consumption based on the determination of the liquid permeability of the cake in 
the laboratory scale filter. It is suggested that air flow is independent of the moisture 
content, but that strongly increasing the air flow is often due to secondary effects 
induced by cake shrinkage. Therefore they concluded that the dependence of air flow 
on the moisture content has been previously overstated. An objective of a further 
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study carried out by Nicolaou and Stahl [1993] also aimed to reduce the complexity in 
estimating deliquoring kinetics. Further independent work, however, has confirmed 
the validity and applicability of Wakeman's model. Carleton and Mehta [1984] 
matched moisture content values from large-scale filters to those obtained with 
Wakeman's predictive model, while Condie and Veal [1997] successfully applied the 
model to the deliquoring of fine coal filter cakes. Condie and Veal [2000] made 
further assessment of model applicability to the deliquoring of oil-fine coal filter 
cakes. Good correlation was again achieved, although only when cake porosity values 
(42.6 ±D.S%) matched those used to set up the model. For cakes porosity values 
outside this range, less favourable correlation was obtained. 
1.2.3.2 Compression Deliquoring (Expression) 
"Expression is the separation of a liquid from a solid-liquid mixture by mechanical 
compression" [Shirato et aI., 1983]. Considerable work has been carried out in this 
area by Shirato et al. [1970(a), 1971,1979], although inspite of substantial progress in 
filtration theory, expression theory is far from complete [Shirato et aI., 1986(a)]. This 
section only aims to provide an introduction to the concepts involved in compression 
deliquoring. 
The aforementioned texts provide the necessary detail required for the more interested 
reader, primarily basing expression operation upon the Terzaghi model (see Figure 
1.16) and Terzaghi-Voigt combined model [Shirato et al., 1986(b)]. These models 
apply consolidation theory to expression, which Shirato et al. [1970(b)] pioneered in 
1967. Further to this, Buttersack [1994] provided a 'two-zone' model, which models 
the filtration and subsequent consolidation as one expression phase. 
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Figure 1.16: Schematic picture of Terzaghi model [Shirato et al., 1986(a)]. 
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Compressive deliquoring of a filter cake incorporates reducing the moisture content 
whilst maintaining a fully saturated cake. Typically this type of operation is carried 
out in diaphragm filter presses. In the process of 'squeezing' the filter cake, the 
porosity is reduced by the application of pressure leading to liquid displacement from 
between the particles [Pfau and Paul, 1978]. Although this methodology is generally 
employed where finer materials are apparent, studies have shown to increase the 
efficiency of mechanical expression, by increasing the permeability of palm-oil filter 
cakes and leading to an increase in the solid-phase content [Kamst et al., 1997]. 
Shirato et al. [1979] presented complex analytical equations to model the deliquoring 
kinetics, although a more simplistic approach is adopted generally in practicality. A 
standard time/volume vs. volume plot is often employed from which the cake 
compression time, post-filtration, can be evaluated. During the current work however, 
compression has not been used in the filters tested. 
1.2.4 Combination Filter Cycles 
Now that the constituent phases of the filter cycle have been described and defined, it 
is the purpose of this section to introduce and illustrate the relevant filtration 
equipment to this project and assess their operation in terms of the filter cycle. A 
more comprehensive account of filtration equipment can be found in various texts, 
particularly Dickenson [1992], with extensive work and analysis of the filter cycle 
published by Tarleton and Wakeman [1993, 1994, 1997; Wakeman and Tarleton, 
1990(a), 1990(b), 1999], utilising some of the equipment relevant to this work. 
The parameters defined in Sections 1.2.1 - 1.2.3 are of primary consideration when 
selecting a filter for a chosen operation. Numerous literature sources have been 
focused on filter selection, a factor of critical importance and complexity. Tarleton 
and Wakeman [1991] proposed a system to aid the selection of a filter for a desired 
duty. Other relevant literature concerned with filter selection include Svarovsky 
[1981], Purchas [1986J and Shirato et al. [1987J, all taking into account the principles 
described previously. 
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In order to specify a filter to achieve the desired separation, economically and 
effectively, the process is aided by knowledge of the suspension to be filtered. No 
specific definitive laws can be applied to the selection of filters but generally pressure 
filters are utilised for suspensions containing finer solids, whereas vacuum filters 
would be employed for faster-settling suspensions. An approximate guide can be 
found in Figure 1.17. 
Vacuum filters 
Pressure filters ""', 
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Figure 1.17: Applications of pressure filter [Wakeman, 1981 (e) J. 
1.2.4.1 Vacuum Filters 
The following text outlines vacuum filtration equipment relevant to this project. 
Vacuum filters are numerous, although the following should allow the reader to gain 
an appreciation of the subject. Similar to pressure leaf filters, vacuum leaf filters can 
be supplied in a variety of alternatives. The major difference with the vacuum driven 
filtration system would be the incorporation of a vacuum source (pump) to 'pull' 
filtrate or wash liquor through the filter cake, situated downstream of the filter 
medium. 
As can be observed from Figure 1.18, a rotary vacuum filter basically consists of a 
drum, which is rotated horizontally with a filter cloth situated on its outer surface. 
Filtrate is pulled through the cloth, as solids are deposited, with the drum internals 
working under vacuum. A partitioning arrangement inside the drum is drawn together 
to a central vacuum source. Similar to a belt filter (see Figure 1.1), the stages of the 
filter cycle are apparent, only in this case, by designated portions of the drum. 
Filtration is succeeded by washing, which is in turn followed by a deliquoring stage, 
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prior to discharge. A 'dead-zone' between the scraper discharge and the subsequent 
point of contact between the drum and the slurry in the trough, can be observed. 
~" 
discharged 
suspension 'I"t-,a--'''.. cake 
Figure 1.18: Rotary vacuum filter (RVF). 
The drum is partially immersed in an agitated trough (feed bosch) from which the 
filtration stage proceeds. Agitation ensures, ideally, homogeneous feed material is 
supplied to the filter. Even cake deposition will subsequently aid the washing process. 
Wash liquor is fed onto the drum, usually at the top, essentially to maintain liquid 
coverage of the filter cake of the 'washing' side of the drum. Application of the wash 
liquor may be effected from a weir box arrangement, or via spraying mechanisms. 
Washing time is limited by drum geometry and rotation speed. 
A difficulty of RVF operation is providing sufficient time for washing and deliquoring 
stages of the cycle. Cycle times are usually short, for example 60 seconds, thus design 
of RVF's to provide the required washing and deliquoring duties can be problematic. 
Rushton et al. [1996] state that for an average speed of 1 rpm and with 30% 
submergence, only 40 s are available for cake washing, dewatering and discharge. To 
increase the washing time a slower drum speed would have to be used, although this 
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can cause significant problems. For example, to maintain a constant cake thickness, 
the submergence would have to be reduced, and in consequence the overall solids 
yield would be dramatically reduced. Similar arguments can be constructed for the 
deliquoring stage of the filter cycle. 
1.2.4.2 Pressure Filters 
There are two main categories 'of equipment utilised for pressure filtration operations. 
They are pressure vessel filters and filter presses. Both will be discussed in this 
section. Pressure filters, as previously stated, find application generally in the 
separation of fine particles for slurries with a solids content in the region of 1-10% by 
weight [Wakeman, 1981 (e)]. Operating pressures utilised are usually in excess of 1 
bar, with typical operating pressures of approximately 6-7 bar [Svarovsky, 1985]. 
Some may operate at 20 bar, or higher. 
"Pressure vessel filters include all filters in which the filter elements (whether in the 
form of leaves, plates or tubes) are located in a pressure vessel" [Bosely, 1986]. In 
this section it is the intention to discuss leaf filters, with specific attention to the 
vertical vessel, single horizontal leaf configuration; the basis for the filter cell used in 
the laboratory scale experimentation of this study. Single horizontal-leaf, vertical 
vessel filters, are in practise described as Nutsche filters. They can take one of two 
forms. Either they can simply be a pressurised vessel or they may incorporate an 
agitation system. Nutsche filters are batch operated and versatile. 
Figure 1.19 provides representation of a Nutsche filter. Slurry is fed to the filter and 
filtration proceeds once the required amount of slurry is inside the filter and the 
working pressure has been reached. The agitator which can rotate, allows cake 
smoothing (post-filtration) to be carried out if desired. This can help avoid cake 
cracking and aid the subsequent washing and deliquoring stages. Displacement or 
reslurry washing would usually follow this step. The former mechanism is generally 
effected by feeding wash liquor onto the filter cake via spray nozzles, to ensure even 
distribution over the cake surface. Reslurry washing involves wash liquor being fed 
onto the filter cake, while the agitator is rotated from the top of the cake and lowered 
35 
slowly throughout its depth. By passing either air, or inert gas through the cake, a 
deliquoring stage can proceed. 
WASHING 
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Figure 1.19: Pressure Nutsche Filter [3V Cogeirn Data Sheets]. 
Another pressure filter of significance to this work is the diaphragm filter press. The 
driving force for this type of filter is generally generated by liquid pressure from 
pumping, or by gas pressure in the slurry feed vessel. Filter presses, due to their 
flexibility, are the most widely used filters in the chemical industry, of which most are 
batch operated. There are many types of filter press commercially available, of which 
there are three main categories. Table 1.1 details the alternatives. 
Table 1.1: Categorisation of commercially available types of filter press (adapted 
from Rushton et al 1996) ., 
Category Description 
I Filter press containing plate and frames (flush plates) or recessed 
plates 
2 Pressure vessel containing tubular or flat filter elements, in 
vertical or horizontal positions 
3 Variable-chamber presses containing means of squeezing the 
solids after deposition 
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The following text shall be primarily concerned with Category 1 filter presses, 
diagrammatic representation of which is given in Figure 1.20. As can be observed the 
nature of these machines allows for flexible processing with the insertion and removal 
of plates according to the duty required. Recessed plate configurations have a 
maximum cake holding capacity which can be regarded as equal to twice the depth of 
the recess on individual plates [Coulson et aI., 1991]. 
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Figure 1.20: Schematic representation of a diaphragm filter press [Wakeman and 
Tarleton, 1999]. 
The basis for these units is a diaphragm press on each plate which enables cakes of 
lower moisture content to be formed. The diaphragms aid the deliquoring 
('squeezing') process in which they are simply inflated. Discharge can be effected 
either via a cloth lifting mechanism aided by vibration, although most units require 
dismantling for the cake to be discharged. 
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Diaphragm filter presses utilise either square or rectangular plates, which can vary in 
size from 150 x 150 mm to 2 x 2 m [Svarovsky, 1985]. This type of filter is basically 
constructed from a series of plates separated by a frame, which creates zones through 
which the slurry is pumped. Each plate has both exposed surfaces covered by a filter 
medium, which is usually a cloth type material. Filtrate is subsequently forced 
through the medium under pressure with the solid component retained on each plate. 
The filtrate is discharged from the filter via channels on the plate surface, and is then 
either collected, or discarded. As can be seen in Figure 1.20, the plates are generally 
held together by a hydraulic ram. 
The configuration shown in Figure 1.20 incorporates washing into the assembly. Such 
a set-up may include filtering plates and washing plates. The usual washing 
mechanism is referred to as 'simple' washing where the wash liquor is introduced 
through a port into each chamber. Washing is effected in the same direction as the 
filtration. An alternative washing mechanism is 'through' washing, where the wash 
liquor is introduced through a port behind the medium on every other plate and is 
subsequently forced through the cake and out of the filter via drain points. 
Optimisation and selection of this kind of filter is usually centred around the number 
of plates and the plate size required to provide the required area for filtration. Such 
considerations will be process (design) specific and Rushton et al. [1996] give some 
indication of this. 
All kinds of filters are manufactured on many different scales. Sizing estimation of 
process scale filter is regarded by many as an area of critical importance. It is usually 
based on suspension characterisation and laboratory scale experimentation, defining 
the primary parameters discussed in Sections 1.2.1 - 1.2.3, or company history / 
heuristics. Thus accuracy of scale-up is of major importance to filter specification, 
although it is an area which requires considerable attention. System specific, and 
equipment specific, scale-up modelling can however, be found in literature, examples 
of which are discussed in Section 1.3. 
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1.3 Filter Scale-Up 
When choosing a filter it is advisable, first of all, to determine the characteristics of 
the suspension that is to be filtered. This may be done on the basis of particle size and 
particle size distribution for example. Behavioural characteristics of a suspension 
may also be determined with simple laboratory equipment. A Buchner funnel can 
give a good estimation of filter cake formation times and how well, or badly, a 
suspension will filter. Such a test may typical use approximately 500 cm3 of slurry. It 
should be noted that this technique will only provide "qualitative notions of cake 
formation" [Silverblatt et al., 1974] and not definitive analytical data. 
These simple tests do though provide a more informed base from which to select a 
filter to achieve the desired separation. Also they can serve as "data for equipment 
scale-up" which could "simultaneously permit qualitative judgements to be made on 
the likely performance characteristics of specific types of equipment under the 
proposed operating conditions" [Purchas, 1986]. 
Once relevant information has been gathered the decision of which filter type is most 
suitable becomes clearer. A number of filters available are outlined in Sections 
1.2.4.1 and 1.2.4.2, of which many more are commercially available. However 
several structured approaches to equipment selection have been proposed. 
Specifically for cake filtration, Tiller developed an experimental routine [Tiller, 
1974]. The methodology involved clearly demonstrated the complexities in this 
decision making process. 
A more accurate form of data acquisition is required and obtained from laboratory· 
scale tests. Vacuum leaf filters and bomb filter are often employed to provide further 
data in terms of specific cake resistances. They generally have a filtration area of -6.5 
cm2 to 93 cm2 [Silverblatt et ai, 1974]. Such tests are "relatively simple to carry out, 
so a number of variables can be studied and optimised" [Carleton and Mehta, 1984]. 
However there is limited knowledge about scale-up from laboratory to process-scale, 
so safety factors are generally included within any models developed. 
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Ideally pilot scale work would rule out these associated inaccuracies and allow further 
aspects of process-scale performance to be monitored. Often this stage of the 
selection process is, however, not carried out due to the excessive costs incorporated 
with this style of testing. This therefore places increased importance on the leaf tests. 
Thus an objective of the leaf test simulations is to eliminate the use of the safety 
factors which can simply act to increase the filtration area predicted by 25% 
[Dahlstrom and Silverblatt, 1986] or even up to 50%. Safety factor used in scale-up 
methods are often company specific and not within the public domain. 
Numerous specific studies have been carried out to assess scale-up factors. 
Correlation has been made between industrial scale filters and laboratory scale bomb 
filters of approximately 10 cm2 [Alciatore et aI., 1973], with scale-up from leaf filters 
to process-scale made by Osborne and Robinson [1973], who specifically studied 
colliery products. Minimal conclusive evidence or theory can be found in either 
study, which appear merely to present data at both scales of operation, or extrapolate 
laboratory scale data in order to scale-up. Carleton and Mehta [1984] studied a range 
of materials, including chalk, sand, and various pigments, for which they predicted the 
performance of process scale vacuum filters from leaf tests. They studied various 
parameters and concluded that, as in numerous other studies, in general leaf tests tend 
to overpredict the performance of a process scale filter. However, reasonable 
correlation was observed for all phases of the filter cycle, and it was concluded that 
difficulty simulating process-scale operation at laboratory scale, in terms of filter 
geometry, agitation and cloth condition, accounted for the discrepancy in the results. 
Baskerville et al. [1978] developed laboratory techniques to predict and interpret 
process-scale filterbelt press performance. On-site plant trials utilising filterbelt 
presses are considered to be excessive consumers of both time and money and this 
study attempted to establish laboratory tests, for a particular slurry, which would 
eliminate the need for such exercises. Its conclusions showed that accurate estimation 
of expected yields and final cake solids content could be made, underlining the value 
of laboratory tests in prediction of process-scale apparatus performance. Eberl et al. 
[1995, 1996] also assessed, relatively successfully, scale-up from rheological based 
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laboratory experiments to a process-scale plate and frame pressure filter. This study 
was based on a flocculated kaolin system. 
Other studies estimating process scale pressure filter performance from leaf tests have 
also been carried out [Wakeman and Tarleton, 1990(b), 1994]. Operation of a 
diaphragm filter press was modelled, resulting in a computer simulation which could 
generate reliable data for the complete filter cycle. Further development of the 
software talked of its adaptability to encompass other types of separation equipment 
[Wakeman and Tarleton, 1994; Tarleton and Wakeman, 1993, 1994]. Another study 
in this area which uses this software successfully was carried out by Junkkarinen et al. 
[1997]. To verify the behaviour of mineral slurries (calcium carbonate) a laboratory 
scale piston press was used as a basis from which the volume of filtrate with respect to 
time of an industrial scale variable volume pressure filter, was successfully predicted. 
The specific nature of all these studies serves only to solve isolated systems. No 
apparent conclusive .evidence at present exists to draw the collected facts together. 
Further work carried out by Tarleton and Willmer [1997] pointed out the "clear need 
to move away from the heuristics currently used in filter design and scale-up towards 
well-defined and sound methodologies". Further work in this field is therefore 
required before this statement may be realised in practise. 
1.4 Surface Chemistry 
Another area of considerable importance to solid-liquid separation systems, and 
aspects of the current research, is surface chemistry. Particle-particle and particle-
liquid interactions are of critical importance during the filtration of a suspension i.e. 
formation of a filter cake. They also can determine how well a filter cake may wash 
or deliquor [Wakeman et aI., 1989]. It is the intention in this section to introduce the 
principles of surface chemistry of direct relevance to this body of work. 
1.4.1 Definitions 
Colloidal dispersions have at least one dimension in the size range 1 nm to 1 Ilm 
[Vincent, 1998]. Diagrammatic representation of this is shown in Figure 1.21. 
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Figure 1.21: Typical colloidal particles [Vincent, 1998]. 
Colloids consist of one phase Cc) dispersed in a second, continuous phase (Ul), where '"C 
and m can be gas, liquid or solid. The only combination that is not feasible is that of a 
gas in gas. Of specific interest to this brief review is the case where '"C is a solid and Ul 
is a liquid. Tabulated below are the various types of colloidal dispersions. 
a e • : l yp T bl 12 T es 0 co 01 IsperSlOn f 11 'dald' [Sh aw, 1992] 
Disperse Dispersion Technical Name Examples 
Phase ('"C) Medium (OJ) 
Liquid Gas Liquid aerosol Fog, liquid sprays 
Solid Gas Solid aerosol Smoke, dust 
Gas Liquid Foam Foam on soap solutions, 
fire-extinguisher foam 
Liquid Liquid Emulsion Milk, mayonnaise 
Solid Liquid Sol, colloidal suspension; Fire-extinguisher foam 
paste (high solid 
concentration) 
Gas Solid Solid foam Expanded polystyrene 
Liquid Solid Solid emulsion Opal, pearl 
Solid Solid Solid suspension Pigmented plastics 
Colloidal dispersions are generally divided into two classes lyophilic (liquid-loving) 
and lyophobic (liquid-hating). The classification is based on the redispersive 
properties of a system after it has been dried out. No system can truly be described as 
lyophilic or lyophobic, but in practise a range of intermediate conditions exist, where 
systems can display both forms of behaviour. When the dispersion medium is water 
the terms hydrophilic and hydrophobic are used in place of lyophilic and lyophobic. 
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In the field of colloid science a distinction is also made between concentrated and 
dilute dispersions. Characteristically in concentrated dispersions the particles behave 
collectively because they are packed more closely together. There are therefore strong 
interparticle interactions (attractive and/or repulsive forces), with the particles having 
a inclination to order. For dilute dispersions the particles fundamentally behave as 
individuals, with weak spatial cortelation between the particles. Negligible 
interparticle interactions are observed in such systems. 
"The distinguishing feature of all colloidal systems is that the area of contact between 
the disperse particles and the dispersion medium is relatively large. The energy 
associated with creating and maintaining that interface is significant, so the study of 
interfacial (or surface) chemistry is an integral part of the study of colloids" [Hunter, 
1987] and solid-liquid separation systems. 
As shown in Figure 1.22, between any two phases there is an interfacial region in 
which the properties change characteristics from one phase to another. For example, 
if we regard the inner circle as a solid particle and the area outside of the interfacial 
layer as the Jiquid phase (as in cake filtration), the characteristics of the interfacial 
layer change from solid-like to liquid-like, with increasing radius from the particle. 
Interfacial 
Layer 
Figure 1.22: Representation of the interfacial layer between a solid particle within a 
continuous liquid phase [Vincent, 1998]. 
1.4.2 Solid.Liquid Interfaces 
Solid-liquid interactions are most apparent when the particles are sub-micron. "When 
an electrically charged surface is in contact with an aqueous electrolyte solution, 
electrolyte ions of opposite charge to that of the surface (counter-ions) accumulate in 
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the solution close to the charged surface. A smaller number of ions having the same 
charge as that of the surface (co-ions) also accumulate in this region owing to their 
thermal migration from the bulk solution" [Thompson, 1998]. These effects are 
obviously dependent on the chemical nature of the solid and liquid present. 
When the surface has a net negative charge, the positive ions accumulate at the solid 
surface, or actually the Stem Plane, due to electrostatic attraction. The Stem Plane 
can also be referred to as the 'Outer Helrnholtz Plane' (OHP). The Stem layer is one 
(hydrated) ion radius away from the surface, and represents the distance of closest 
approach to the surface (Figure 1.23). 
Particle surfece 
Stern plane 
Surface of shear 
e 
e 
e e 
Diffuse loyer 
'-------'-Stern layer 
o~=f--=======--
b l/K Distance 
Figure 1.23 Schematic representation of the structure of the electric double layer 
according to Stem's theory [Shaw, 1992]. 
The ratio of counter-ions to co-ions decreases with increasing distance from the 
surface, until a unit charge (bulk) region is entered. "The theory of the electric double 
layer deals with this distribution of ions and, hence, with the magnitude of the electric 
potentials which occur in the locality of the charged surface" [Shaw, 1992]. 
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A parameter known as the surface potential (!{fo) is used to describe the difference in 
electrical potential between the charged surface and the electrically neutral bulk. This 
is composed of two parts - the fall in potential from the surface to the Stern layer and 
the exponential decay (to zero) from the Stern layer to the bulk. The latter is 
described by: 
(1.46) 
where !(fd is the electrical potential at the Stern layer, x is the distance from the Stern 
layer and Ids related to the electrolyte concentration in the bulk solution by 
2 2 2 K:=( enoZ )0.5 
ee,kT 
(1.47) 
where e is the primary electronic charge, no is the concentration of electrolyte ions in 
the bulk solution, z is the charge number of the electrolyte ions, e is the dielectric 
constant of the solution, Ca is the permitivity of free space, k is the Boltzmann constant 
and T is the temperature. 
Surface charge density (0'0) is defined by eqn. (l.48) and provides a simple 
relationship between surface charge density and surface potential. 
(1.48) 
This surface charge density is balanced by the bulk solution charge density such that 
the surface charge density is equal to t.'1e sum of the Stern layer charge density and the 
diffuse layer charge density, i.e. 
(1.49) 
The potential at the Stern plane is what is of interest and Figure 1.23 provides 
schematic representation of this and the structure of the electric double layer. 
1.4.3 Electrokinetic (1;,-) Potentials 
The term electrokinetics is defined as "the liquid flow that occurs along a solidlliquid 
interface as a result of an applied potential gradient, or conversely to the potential 
developed when a liquid is made to flow along an interface" [Sennett and Oliver, 
1965]. In colloidal systems, the colloidal material is generally regarded as 
electronegative in nature and often surrounded by a liquid layer orientated to 
neutralise this charge. As discussed previously, a 'double layer' is formed at the 
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solid-liquid interface. Numerous discussions on the principles of electrokinetics can 
be found in literature to explain the principles in detail. Good account is given by 
Krishnaswamy and KJinkowski [1986], Hunter [1987] and Hunter [1995]. 
The zeta ((-) potential is the potential at the shear plane (see Figure 1.23) and is the 
"most easily measured electrokinetic parameter defining the double layer" [Jagannadh 
and Muralidhara, 1996]. There are four primary electrokinetic phenomena, which are 
electrophoresis, electro-osmosis, streaming potential and sedimentation potential. 
Electrophoresis is concerned with the migration of solids towards an electrode of 
opposite charge, whereas electro-osmosis deals with movement of the liquid relative 
to a stationary surface e.g. permeation of liquid through a porous medium 
[Krishnaswamy and Klinkowski, 1986]. Sedimentation potential and streaming 
potential are basically the opposites of electrophoresis and electro-osmosis, 
respectively. Ruth [1946] first introduced the idea that cake filtration could be 
influenced by electrokinetics, although there is limited experimental data to support 
theoretical developments. Practically, electrophoresis is the more advanced technique 
and sedimentation potential the least. 
s-potential manipulation is commonly used in solid-liquid separation applications to 
achieve enhanced filtration .. Wakeman and Tarleton [1999] provide a useful plot, 
shown in Figure 1.24, of s-potential against the solution pH, which relates the state of 
the suspension, the rate of settling and suspension filtration. It can be observed that at 
the iso-electric point (IEP) the particles tend to flocculate due to minimal interparticle 
repulsive forces. This will generally provide faster settling rates, more rapid cake 
formation and cakes with slightly higher moisture contents. The opposite can be 
observed at the maximum and minimum s-potential values. Suspensions remain in a 
well dispersed state due to the high repulsive forces present with particles existing 
individually. This leads to slower settling rates, slower cake formation and cakes of a 
slightly lower moisture content. Filter cakes formed usually have a higher specific 
cake resistance due to the reduced cake porosity. 
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A: High ionic strength causes compression of the double layer. 
Intermediate settling and filtration rates and cake moisture contents. 
B: Higher zeta potential and greater repulsion between particles. 
Well dispersed, stable suspension. 
Slower settling and filtration rates. 
Lower cake moisture contents. 
C: Close to the isoeleclrle paint (zero zata potential). 
Little repulsion between particles. 
Particles tend to aggregate. 
Faster settling and filtration rates. 
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Figure 1.24: The link between particle phenomena at the microscopic scale and 
process separations at the engineering scale of operation [Wakeman and Tarleton, 
1999]. 
1.4.4 Adsorption at Oxide Surfaces 
Of specific interest to this project is the interaction at the metal oxide-electrolyte 
interface. This is again influenced by the electrical state at the interface between a 
charged surface and an electrolyte surface (and described by the equations above). 
Oxides however, differ slightly from this with specific chemical bonding interactions 
playing a key and sometimes dominant role in the process. 
The chemical nature of these surfaces must therefore be understood in order to gain an 
awareness of adsorption processes at oxide surfaces. Surface hydroxyl groups, which 
are able to react as a base and an acid, generate an oxide surface of positive and 
negative sites. Hydroxyl groups form a coating on the surface of metal oxides due to 
the "dissociative adsorption of water molecules" [Thompson, 1998]. Therefore the 
pH of the electrolyte will play a vital role in determining the surface electrical charge, 
both in its sign and magnitude. 
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1.5 Conclusions 
The filter cycle phases, their individual variations along with relevant solidJIiquid 
separation equipment, have been defined and described. Detailed assessment of the 
three component stages, filtration, washing and deliquoring can be found in Sections 
1.2.1, 1.2.2 and 1.2.3 respectively. Within the text, calculation procedures have been 
outlined, with each subsequently assessed in terms of their applicability and 
limitations. As is apparent, assumptions are inherent within all of the models, which 
are generally system specific. Calculation procedure in all areas is in need of further 
development, although methodology can be found which will aid the individual to 
gain an understanding of the filter cycle of most solid-liquid systems. Of the three 
defined stages, filtration can be modelled with more certainty and success, due to the 
fact that is has received substantially more attention [Shirato et ai., 1986(a)]. Factors 
such as cake formation, specific cake resistance and porosity, are key to most studies. 
Utilising this information, and that in Sections 1.3 and 1.4, it is the intention to 
develop scale-up methodologies using two different suspensions filtered at process 
scale by either an RVF or diaphragm filter press. The aim is to successfully predict 
the performance of these process scale filters from a series of laboratory scale 
experiments, which shall mirror as closely as possible, process scale operating 
conditions. It is therefore the area of scale-up which is of particular interest to the .. 
research and that which requires considerable attention. Insufficient theory is 
currently available in literature from which to confidently predict the process scale 
performance of filtration equipment from laboratory leaf tests. This research 
programme aims to address the need for further developments in this area, and 
Chapter 2 details the proposed programme of work carried out to fulfil these criteria. 
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2. Research Programme 
2.1 Programme Outline 
This project was a joint venture between Loughborough University, the academic 
investigator, and rcr, the industrial sponsor. The aim was to develop and validate 
scale-up methodologies, based on laboratory experiments at Loughborough and 
process-scale plant work at various rcr sites. During the project the parameters shown 
in Table 2.1 were evaluated to characterise the catalyst, Ti02 and filter medium 
utilised in the filter cycle experiments. The results of the findings of this 
characterisation work can be found in Chapter 4, with supporting data in Appendix 2. 
T bl 21 P a e . . arameters to b d e . d' th h eterrmne In e c aractensatlon expenments. 
Filter medium Feed material 
Material Particle size and size distribution 
Thickness Particle shape 
Porosity Particle t;;-potential • 
Weave type 
Pore size and size distribution 
Penneability 
• as a functJon of pH 
The experimental programme was intended to investigate the influence of a matrix of 
parameters on the filter cycle perfonnance of aqueous dispersions of a catalyst 
material and Ti02 at both laboratory and process scales. Identical filter media 
(SCAPA-Primapor) and feed materials were used in sequences of low and high 
pressure tests. A laboratory scale filter was employed at Loughborough (described in 
Chapter 3) whilst process scale filters were utilised at various rcr production sites; 
Clitheroe, Lancashire (Synetix) and Greatham, Teeside (Tioxide), during industrial 
placement periods. The laboratory and process scale experimental work is drawn 
together through appropriate modelling and PC simulations. The detailed work 
programme is described, with all experimental detail supplied in Appendix 4. 
2.2 Catalyst Experiments 
Experimentation with the catalyst material comprised two parts. Laboratory scale 
filter cycle tests were carried out at Loughborough University, using a leaf filter. The 
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aim of these experiments was to simulate and utilise the same operating parameters as 
those used for process scale catalyst production. Part two of the catalyst experimental 
programme comprised gaining comparable data from a process scale RVF. 
2.2.1 Laboratory Scale 
The first sequence of low pressure (LIP less than 100kPa) leaf filter cycle experiments 
were performed at Loughborough University, using catalyst material collected from 
the process scale production plant. All laboratory scale experiments utilised this 
material obtained from the same process batch; siphoned from the process 
immediately prior to the filtration. Experimental requirements necessitated 
modifications to the filter cell and the existing automated filtration apparatus, which is 
described in Section 3.2. Experiments involved combinations of constant pressure 
filtration, displacement washing with distilled water and gas deliquoring. The 
material to be filtered, a catalyst material in aqueous sodium nitrate solution, was used 
with SCAPA-Primapor filter media. Wash liquors were subsequently analysed for 
sodium content. The range of parameters investigated is shown in Table 2.2. 
Table 2.2: Ranges of parameters to be evaluated in the catalyst leaf filter cycle 
. L hb hU· . expenments at ougl orougl mverslty. 
Parameters investigated Ranges investigated 
Feed Material Catalyst material 
Applied ~P (kPa) 25,35,50 & 70 (filtration, washing and deliquoring)* 
Feed Concentration -25% w/w 
s-potential (through pH) 7.5-8.5 (natural pH) 
Filter cycle sequence filtration - washing - deliquoring 
Nominal cake thickness (mm) 5,10,20 
Temperature (C) 70 
Filter cell orientation top feed (and bottom feed) 
* assessment was also made of the catalyst matenal at hIgher pressures, although for the purpose of 
direct comparison between laboratory and process scale the stated values were of primary importance. 
Sufficient tests as practically possible were performed to establish filtration, washing 
and deliquoring performance over the range of conditions. Comparison experiments 
between top and bottom feed were also performed; the bottom fed filtrations would 
have required the filter cell to be, turned through 1800 in order to complete cake 
formation. This was not possible with the laboratory scale equipment; thus a basic 
apparatus was utilised to assess this factor (see Section 3.2.2). Additional sequences 
of filtration-deliquoring and filtration-washing experiments were carried out in order 
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to detennine cake deliquoring characteristics over a range of /JP and washing 
efficiencies at higher pressure differences. The results of all findings are reported in 
Chapter 6. 
2.2.2 Process Scale 
Experiments during this part of the project at the Synetix site in Clitheroe, Lancashire 
were used to assess the performance of an in-service process scale RVF filter (see 
Section 3.3.1), which processed the catalyst material. Approximately 4 batches of 
feed material were processed by the RVF and analysed during this period. Sufficient 
measurements of filter performance were taken to enable comparisons with data from 
laboratory simulations. The two major differences between the scales of operation, in 
terms of materials used, were that the RVF utilised a filter cloth (whereas the 
laboratory scale test used SCAPA Primapor) and that the catalyst material processed 
at either scale were not identical. Different batches of material were used for the 
different scales of operation during which material variability was observed (discussed 
in Chapter 7). The characterisation data presented in Chapter 4 refers to the material 
used at laboratory scale, with some reference to that processed by the RVF, and their 
constituent differences. All experimental procedures, for both laboratory-scale and 
process scale testing are outlined in Chapter 5. Experimental data was analysed using 
procedures developed at Loughborough. 
2.3 Titanium Dioxide (Ti02) Experiments 
In a similar manner to the catalyst experiments, laboratory scale experiments were 
carried out at Loughborough University, with process scale testing of the Ti02 
effected at Tioxide in Greatham, Teeside using a diaphragm filter press. In this series 
of experiments higher pressures (greater than 100 kPa) were utilised to process the 
material. A single batch of material was taken from the production facility, with 
enough material produced to enable testing at both scales (laboratory and process) to 
be carried out using identical feed material. 
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2.3.1 Laboratory Scale 
Higher pressure (0 greater than 100 kPa) filter cycle experiments were carried out at 
Loughborough University in order to simulate the constant pressure filtration-
displacement washing-gas deliquoring sequence of operation. Experiments used Ti02 
obtained from the production facility and SCAPA-Primapor filter media. The range of 
parameters investigated is shown in Table 2.3. Sufficient tests were performed to 
establish filtration, washing and deliquoring performance over the range of conditions. 
Parameter to be~in::.v.:..;e::.s:::ti==_rR::.an=::.e.::to::...b::.e::....::in.:..;vc.::e::.st::.i~a::t::.ed,,--___ -------1 
Feed Material titania (rutile) 
Applied ilP (kPa) 300, 400, and 500 
Feed Concentration 350 gfl 
~-potential (through pH) IEP 
Filter cycle sequence filtration - washing - deliquoring 
Nominal cake thickness (mm) 20 
Temperature (DC) 50 
Filter cell orientation top feed ~~----~~--------------------------~ 
2.3.2 Process Scale 
Process scale testing at Tioxide employed an Edwards and Jones recessed plate 
diaphragm filter press, utilising either three or five 500 mm x 500 mm plates. As 
stated previously, the same feed material, as the laboratory scale experiments, was 
used. The filter plates were covered with SCAPA-Primapor filter media, thus any 
differences between the scales of operation, which were encountered with the catalyst 
test work, were eliminated. Experimental data from the recessed plate filter were 
analysed, from which appropriate simulations of the filter were developed. Sufficient 
measurements of filter performance were taken to enable comparisons with data from 
laboratory simulations. Specification of the diaphragm filter press is provided in 
Section 3.3.2. 
2.4 Modelling and Simulation 
Utilising the database of information at laboratory and process scales, modelling work 
was carried out in order to establish robust scale-up procedures. This involved 
development of modelS, the establishment of correction factors to account for scale 
52 
I 
I 
I 
I 
I 
--~ 
and/or further development of PC simulations. The scale-up procedures developed 
were then validated with the process scale data from the lCl filters. 
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3. Experimental Apparatus 
3.1 Introduction 
This chapter describes the major and associated constituents of the laboratory scale 
experimental apparatus at Loughborough, along with the industrial scale filters 
utilised at lel production sites in the UK. 
3.2 Laboratory Scale Apparatus 
The laboratory scale filter utilised at Loughborough University was fully automated 
via computer control, and is shown in Figure 3.1. All experimental procedures 
associated with this laboratory scale apparatus can be found in Section 5.1. 
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Figure 3.1: Schematic diagram of experimental apparatus [Wakeman and Tarleton, 
1999]. 
The apparatus above was capable of performing the desired phases of the filter cycle -
filtration, washing and deliquoring - without interruption, and in any desired order and 
number of phases. Major components utilised in the experimental set-up are the 
variable height stainless steel (s/s) filter cell (see Figure 3.2) and two sls feed tanks 
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with associated stirrers. The filter cell was either 30 mm, 60 mm, 90 mm or 120 mm 
in height and approximately 130 mm in diameter. Two feed tanks of 420 mm in 
height and 10 litre capacity (approximately), were used to introduce the feed 
suspension and wash liquor into the filter cell. All were constructed from 3l6L sls to 
BS5500. 
Figure 3.2: Variable height filter cell (set at 60 mm) attached to the filtration 
apparatus. 
The automated valve system of the rig was driven by compressed air. The same 
compressed air source provided the rig with the necessary working pressures required 
during the filtration, washing and deliquoring phases of the filter cycle. An 800 kPa 
(maximum supply pressure) compressor supplied the air to the rig, which was then 
regulated and set via computer with the aid of a pressure regulator and pressure 
transducer. 
Six compressed air-driven ball valves were used within the experimental apparatus. 
Filtrate and wash liquor flow to the filter cell was restricted or permitted by a valve in 
each feed line. Ball valves in the air input line to the cell and the vent line from the 
cell controlled pressurisation and de-pressurisation of the cell, respectively. The two 
55 
remaining ball valves were situated on the filtrate outlet line along with a three-way 
valve. This valve determined whether the permeated liquor was diverted to the 
electronic balance or the rotating wash liquor collection table. 
The aforementioned wash collection table was operated by a stepper motor and a 
series of air operated ball valves driven via solenoid spools (see Figure 3.3). Again 
the stepper motor was computer driven. A set point was established for the table's 
initial position by a photo-detector, which monitored the position of a thin piece of 
metal attached to the rotating table at a set point. This point was fixed in relation to 
the position of the first wash sample receiver, with the objective of placing the 
receiver directly below the outlet from the filter cell. 
Rotary indexing Table 
Stepper Motor 
Sample Bottles 
Photo-
detector 
To Electronics 
and Computer 
Figure 3.3: A schematic diagram of the rotary wash table [Hancock, 1998] 
Incorporated into the rig was a heating/cooling circuit. This could be applied to the 
filter cell, filtrate feed vessel andlor the wash liquor feed vessel. Water was circulated 
from a central reservoir (water bath) around the jacket system, at temperatures up to 
approximately 90°C. This therefore provided the necessary heat required to perform 
the filter cycle operations at the desired temperatures of and 70°C for the catalyst and 
50°C for the titania. The heating and cooling system was operated by manual valves, 
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which allowed the water to be passed specifically, if necessary, through individual 
system components i.e. the filter cell. A heating/cooling circuit can also reduce any 
effects encountered by fluctuations in ambient conditions within the laboratory 
environment, which may affect experimental results. 
A PCL-812PG LabCard within the associated PC, was utilised to control the rig via 
the ball valves, pressure regulator and transducer, electronic balance and the rotating 
wash liquor collection table. The purpose of the rotating collection table was to allow 
a maximum of 20 wash samples to be taken during an experiment at designated time 
intervals. An electronic balance was employed to collect permeating liquors and 
enable flowrates, and subsequently mass balance calculations, to be deduced. 
3.2.1 Apparatus Control 
Control of the experimental apparatus was achieved via computer, thus eliminating 
any operator interference. The programme was written utilising Microsoft's 
Professional QuickBasic v7.1 compiler, which arranges the operations to be 
performed into modules and subroutines. Incorporated into the programme were not 
only rig operation and sequencing, but also data acquisition and storage. 
Within the context of the programme the desired operating parameters could be set. 
This would define the suspension characteristics and working conditions for the. 
desired filter cycle operation. Allowance was also made for how and where data 
obtained would be stored. Once established, a number of other criteria could be set 
and evaluated prior to an experiment. Individual valve operation may be assessed, 
along with calibration procedures for the pressure regulator and transducer. Upon 
definition of the experiment, the computer executed the desired sequence starting with 
a filtration phase. Independent from the computer, a period of time was allocated to 
allow the heating/cooling circuit and feed materials to reach the required experimental 
temperature. 
3.2.1.1 Filtration Phase 
The filtration phase started with the operating pressure being established and 
maintained within the two feed tanks and the filter cell. An electronic pressure 
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regulator, supplied by air from an 800 kPa compressor, was utilised for this purpose. 
Calibration of the pressure regulator was necessary to provide the data from which the 
computer could set the pressure. Regression data from such a calibration procedure 
was then incorporated into the specific sub-routine (SetPressure). 
Filtration commenced by filling of the filter cell in which the suspension feed valve, 
along with the cell vent valve was open. With the cell full of slurry the vent valve 
automatically closed. The working filtration pressure was then established and the 
filtration would proceed. Within this period of time the electronic balance, which 
collects the filtrate, was tared, and the filter cell outlet valve opened. Upon detection 
of the filtrate flow, the filtration time commenced and the experiment was run as 
desired by the programme parameters. At set intervals of time, record of the filtrate 
flow was made and displayed graphically on the computer screen as a plot of 
time/volume against volume. Accumulated data was automatically saved to disk on 
the computer. 
A number of other parameters were displayed on the screen to enable the observer to 
monitor operation. Information such as the data storage file details, operating pressure 
and phase in the filter cycle were displayed. The acquisition of data during the 
filtration phase proceeded until the filtration time had elapsed, at which point the 
programme either moved onto the next phase or tenninated. At this point all the 
valves closed. If required, the programme automatically transferred onto the next 
phase, either washing or deliquoring, as set by the experimental parameters. 
3.2.1.2 Washing Phase 
When initiating a washing phase the regulator in the wash feed vessel established the 
required pressure. This incorporated a short delay before the operating pressure was 
reached, after which point the valve from the wash feed vessel opened to allow flow 
from this vessel to the filter cell. The filtrate valve from the filter cell also opened to 
allow the wash liquors out of the cell. Data collection and storage continued 
throughout this phase at set intervals, as fixed in the programme, with the information 
graphically displayed on the screen in a similar format to the filtration phase. 
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A wash sample time was set in the computer programme, at which point the three-way 
valve diverted the filter cell outlet flow, from the electronic balance into the first wash 
liquor receiver. The time over which the sample was taken i.e. time required to fill 
the sample bottle, would also be determined in the programme. Once the first sample 
had been taken the three-way valve diverted the flow back to the electronic balance 
and the rotary table was indexed to position the second wash sample receiver below 
the filter cell outlet point. The procedure was then repeated until the total washing 
time had elapsed. A maximum of 20 wash samples could be taken for each 
experiment. 
The collection table was activated and operated by the PCL-812PG LabCard and 
stepper motor respectively. As the table rotated the photo-detector allowed the 
computer to monitor the table position, by establishing a known starting point when 
commencing an experiment. Further table movement was performed and defined by a 
fixed number of steps of the stepper motor. This information was incorporated into 
the computer programme. 
Upon completion of the washing phase the washing feed vessel valve closed, followed 
by either termination of the experiment or a further phase in the filter cycle. 
3.2.1.3 DeJiquoring Phase 
As with the two previous phases described, upon commencement of the deliquoring 
phase the electronic regulator provided the pre-set deliquoring pressure. Once this 
pressure was reached the desired valve configuration was automatically achieved i.e. 
the filter cell air inlet valve and the filter cell outlet valves were opened. Again data 
acquisition proceeded during this phase, updating the screen display storing the 
necessary numerical data to memory. At fixed time intervals readings of the 
electronic balance, operating pressure and cycle time were taken as in the other 
phases. The deJiquoring phase concluded once the total phase time had been reached. 
Subsequently the two ball valves opened at the start of the sequence closed, followed 
by termination of the experiment or transfer to the next cycle phase. 
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3.2.2 Additional Filtration Experiments 
Essentially these experiments were carried out, using the catalyst material only, to 
compare vacuum filtration on upward and downward facing filter media. The 
apparatus for this series of experiments required a filtering surface, which could be 
either upward facing (downward filtration) or downward facing (upward filtration). A 
0.02 m2 leaf filter was used and connected to a filtrate receiver via a tube. Schematic 
representation of the downward facing filter is provided in Figure 3.4. Filtrate was 
collected in the receiver, which was fitted with a vent valve and pressure indicator. 
Feed suspension was placed in a plastic basin, with filtration initiated by lowering the 
filter into the suspension and via application of the vacuum. Vacuum was applied by 
the starting of a pump. All experimentation was carried out at ambient temperature. 
leaf filter 
c' ) ! suspension w 
suspension 
basin 
pressure 
vent indicator 
filtrate 
receiver 
to drain 
to vacuum 
pump 
Figure 3.4: Apparatus utilised for upward filtration tests. 
A similar configuration was used for the downward filtration (upward facing filter) 
tests. The only modification to the apparatus in Figure 3.4 was that the leaf filter was 
rotated 180°. Perspex ™ sides were fixed onto the leaf filter enclosing the filter area. 
Subsequent leak testing took place before starting an experiment to ensure a good seal 
had been attained. The dimensions of the Perspex™ surround (0.12 ID width, 0.17 m 
length, and 0.07 ID height) were sufficient to hold 1000 mls of suspension. 
Suspension was then placed into the vacant volume above the filtering surface and 
experimentation proceeded as previously. The filtering medium was an existing filter 
cloth. 
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3.3 Process Scale Apparatus 
Other experimental apparatus was primarily concerned with the process scale filters. 
Experimental procedures associated with the process scale filter can be found in 
Section 5.2. An RVF was utilised for the process scale low pressure (vacuum) 
catalyst test work with a diaphragm filter press used for the high pressure TiOz test 
work. Associated documentation for these filters can be found in Appendix 1. This 
section details the process scale equipment utilised during the industrial placement 
periods. 
3.3.1 RVF (Synetix) 
The basic layout of the RVF used is comparable with that shown in Figure 1.16 and 
described in Section 1.2.4.1. Schematic representation of the process scale RVF and 
its associated equipment is given in Figure 3.5. Points designated A, B, C, etc., in 
Figure 3.5 shall be referred to within the following body of text. Subsequent 
operation of the filter was carried out using the procedures described in Section 5.2.1. 
FEED 
PREP 
TANK 
o 
RVF 
Filtrate 
Receiver 
o 
~ 
o 
hot water 
supply 
to drain 
Figure 3.5: Schematic representation of the process scale plant (RVF and associated 
equipment) used. 
61 
Operation of the RVF required substantial operator intervention, in terms of setting 
feed and wash flow rates, which in turn affected the performance of the filter. These 
flow rates could be adjusted manually by opening a valve to the required extent 
depending on the depth of slurry required in the feed bosch and the amount of wash 
liquor needed. 
Each phase of the filter cycle was carried out in one rotation of the drum (K) without 
interruption. Filtration preceded washing, which was then followed by a deliquoring 
phase, prior to cake discharge. These were effected by application of a vacuum to the 
internals ofthe drum via a vacuum pump. 
The filter was primarily composed of the drum itself along with a feed bosch and its 
associated stirrer arm. Slurry was pumped into the feed bosch (C) from a feed 
preparation tank (l), whilst vacuum was applied to the internals of the drum. Wash 
liquor was applied to the drum via a spray bar situated at the top of the drum (F), 
which allowed water to flow down one side of the drum. Subsequent filtrate and 
washing liquors were collected in a filtrate receiver (J), whilst the cake was knife 
discharged prior to reslurrying for the next phase in the process. 
Instrumentation associated with the RVF was limited, although a pressure indictor CA) 
was used along with a flow meter in the wash liquor feed line (E). Data such as feed 
flow rate and filtrate/washings flow rate therefore had to be estimated via procedures 
described in Section 5.2.1. The filter operated at elevated temperature utilising wash 
liquor (water) at -80°C and feed slurry at -55°C. Operating vacuum was limited by 
the capacity of the vacuum pump although general operation was affected at around -
50 kPa. The filter had a cloth surface area of 9.3 m2• Other apparatus specification 
can be found in Appendix 1, although only limited details were made available due to 
the commercial sensitivity of the process. 
3.3.1.1 RVF Control 
Apparatus control was essentially manual, although there were trip systems on the 
filter which could cease operation in certain circumstances. As stated previously flow 
rates were set and established by the operator with drum speed remaining essentially 
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constant throughout operation. Throughout the processing of one batch of catalyst 
material, flow rates could be, and were often, adjusted. 
There was a level based alarm on the feed bosch, which sounded if the level was too 
high. At this point the feed pump (H) stopped. Filtrate receiver operation allowed the 
contents to be pumped away intermittently based on the liquid level in the receiver. 
When the high level set point was reached the filtrate pump activated. When the low 
level set point triggered the pump cut out. Overriding the whole filter operation was 
an emergency stop button, which ceased drum rotation and feed to the filter, as well as 
wash liquor flow. 
3.3.2 Diaphragm Filter Press (Tioxide) 
The diaphragm filter press utilised at the Tioxide site in Greatham, Teeside, possessed 
the following specification. Its operation was similar in principle to that described in 
Section 1.2.4.2 where diagrammatic representation can also be found in Figure 1.18. 
Tables 3.1 and 3.2 give specification data for the filter press frame and filter plates 
respectively, with schematic representation of the process scale filter, and associated 
equipment, shown in Figure 3.6. The operating instructions for the diaphragm filter 
press are described in Section 5.2.2. Detailed apparatus specification can be found in 
Appendix 1, although only limited details were made available due to the commercial 
sensitivity of the process. 
Number of Press 
Table 3.1: Filter press frame specifi:.;lc;::a:::;ti;;:;on:.:....::d:::;at::a::... ______ -, 
2309 
Type of Plate Alternative RecesslMembrane Polypropylene 
Filter Press Size (mm) 500 x 500 
Operating Pressure (bar) 15 
Cake Thickness (mm) 40 (before squeezing) 
Number of Chambers 12 
Press Volume (m3) 0.06324 
Filtration Area (m2) 3.84 
Press Plate Support Side Bar 
Plate Movement Manual 
Press Operation Manual Hydraulic 
Closing Gear Hydraulic Cylinder 
~C~o~n~tr~o~lo~f~P~r~e~ss~C~lo~s~in~g ___ ~H~an~d~H~y~dr~a~u~li~c~Pu::m~ _________ ~ 
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Table 3.2: Filter plates specification data. 
Material 
Type 
Plate Outside Size (mm2) 
Drainage 
Connection Plate 
Handles 
Feed Position 
Back Washing Facility 
Air Blowing Facility 
Core Blow 
Air Inlet to all Plate 
HOT 
WATER 
TANK 
Feed 
Drum 
Air 
Pump 
Polypropylene 
Alternative Membrane Recess 
470 
Internal 4 Corner 
Polypropylene 
PolypropyJene (all solid, hygienic) 
Centre 
Yes 
Yes 
No 
Bottom right when viewed from hydraulic end 
Filtrate 
Receiver 
Mains air 
pressure 
DIAPHRAGM 
FILTER PRESS 
Figure 3.6: Schematic representation ·of the process scale apparatus (diaphragm filter 
press and associated equipment) used. 
Each phase of the filter cycle was carried out in sequence prompted by manual 
intervention. In all cases filtration preceded washing which was then followed by a 
deliquoring phase, prior to cake discharge. These were effected by application of 
pressure (300 - 600 kPa) via an air activated pump for the filtration and washing 
phases or from the mains pressure (air) supply, for the deliquoring (squeezing) 
operation. In practise limited data was obtained from the deliquoring operation, due 
to the pressures utilised. This phase of the filter cycle would usually be carried out at 
pressure up to 1500 kPa in normal operation of ICI production plant. 
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The Ti02 feed powder was dispersed at the required concentration (350g Ti02 per litre 
of water) in a plastic 100 litre feed drum using hot water and a dispersant, monoiso-
propanolamine (MIPA). Dispersion was affected by a SiIverson™ Homogeniser, with 
the mean particle size checked using a Beckman DU 6501 Spectrophotometer to 
ensure effective dispersion. Once the suspension temperature was 50°C, achieved 
using the hot water and the heat generated during dispersion by the homogeniser, it 
was fed onto the filter plates using an air pump set at the required pressure. At the end 
of filtration, wash liquor was applied to the plates, with the pump connection changed 
and assigned to a hot water tank:, nominally set at 50°C. The filter valve configuration 
was changed accordingly. Cake deliquoring incorporated regulation of the mains air to 
the desired squeeze pressure, once the required valve configuration had been 
established. Subsequent filtrate and washing liquors were collected in calibrated 
containers. Discharge of the cake(s) involved manual separation of the plates, 
allowing the cakes to fall under gravity onto a plastic sheet. Ail procedures are 
described in detail in Section 5.2.2. 
Associated instrumentation was limited, although a pressure indictor monitored the 
operating (filtration, washing and deliquoring) pressure. Data such as filtrate and 
washings flow rate therefore had to be estimated via procedures also described in 
Section 5.2.2. The filter was operated at elevated temperature utilising feed and wash 
liquors .at (nominally) 50°C, with operating pressure limited by the capacity of the air 
pump. Working pressures of 300 - 600 kPa were used. 
3.3.2.1 Diaphragm Press Control 
Apparatus control was totally manual. Pressures were set and established by the air 
pressure applied to the feed pump, with the deliquoring pressure determined by the 
pressure applied to the diaphragms. 
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4 Filter Media and Suspension Characterisation 
Upon completion of modifications to the laboratory scale experimental apparatus, 
characterisation of the media (SCAPA-Primapor) and suspensions (catalyst material 
and Ti02) was carried out. Sections 4.1 - 4.2 present the findings of this investigation. 
Supporting data can be found in Appendix 2. 
4.1 Filter Media Characterisation 
The media used for the experiments was SCAPA-Primapor. There are two grades of 
Primapor material and for this project the vacuum grade was chosen, which is a 
polyurethane coated media, supported by a woven polyester substrate (2& I twill 
weave type) . Vacuum grade material was specifically chosen based on the advice and 
interest ofICl. It had a material thickness of 1250 Mm and estimated porosity of 4. 7% 
on the upstream surface (6.7% on the downstream surface). 
Figures 4. J - 4.5 are Scanning Electron Micrographs (SEM's) of the media surface, 
underside and cross-section. These give some idea of the pore structure in the surface, 
the support structure weave arrangement, and the internal structure of the media, 
respectively. Specifically, Figures 4.1 and 4.3 were utilised to obtain the porosity 
values above. 
Figure 4.1: SEM of the surface ofSCAPA-Primapor. 
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Figure 4.2: SEM at higher magnification of the surface of SCAP A-Primapor. 
Figure 4.3: SEM of the under side ofSCAPA-Primapor. 
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Figure 4.4: SEM at higher magnification of the under side ofSCAPA-Primapor. 
La SEt ~Hi· 2.~'j ~v ~D·.!:u :m PI"'OlO- 5 
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Figure 4.5: SEM of the cross-section of SCAP A-Primapor. 
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The porosity of the media was estimated using an image analysis package. This 
estimated the porosity from SEM's in the following manner. Firstly a photographic 
image was scanned into the computer using a suitable file format (tiff) and viewed 
using an image analysis package, VisilogTM. A 'threshold' function was carried out 
on the image to highlight the pore space, creating a binary image containing pixels 
which were either 'on or off. The file was then exported in ASCII format where the 
pixels were then represented by a value of either 1 or 0, to represent whether they 
were 'on or off previously. A file header was then attached to allow the file to be 
read in a developed Turbo Pascal prograniroe which calculated the porosity from the 
ratio of highlighted pixels (pore space) to the overall number of pixels in the image. 
Pore size and pore size distribution of the media was measured using a Coulter™ 
Porometer IT (Version 3B). The results obtained are shown in Table 4.1. 
Table 4.1: Pore and pore size distribution data for SCAPA-Primapor media, obtained 
using a Coulter™ Porometer IT (Version 3B) ~---:::--~-., 
SCAPA Primapor Minimum Pore Maximum Pore Mean Flow Pore 
Sample Number Size (!lm) Size (!lm) Size ( m) 
Sample 1 1.109 9.680 4.308 
Sample 2 1.123 9.576 4.125 
Sample 3 1.123 11.190 4.521 
Sample 4 1.123 9.576 4.238 
Permeability tests were carried out whereby water was passed through medium 
samples at different applied pressures and the flow rate measured. Darcy's law was 
then applied to calculate permeability. To assess medium durability with respect to 
temperature, the experiments were carried out at ambient temperature, 40°C, 60°C and 
70°C, utilising the laboratory scale test rig (see Figure 3.1). At each temperature, 
water was passed through a filter medium respectively at 36, 69, 103, 138 and 172 
kPa and measurements taken of the subsequent permeate flowrates. At each pressure 
four measurements were made to ensure reproducible and reliable data. With each 
new operating temperature, fresh media was utilised. 
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Table 4.2 gives the penneability values obtained from all the tests i.e. at ambient 
temperature, 40°C, 60°C and 70°C. The values quoted for each temperature are 
averaged over the range of pressure applied. 
Table 4.2: Media penneability values obtained at different operating temperatures. 
Operating Temperature (0C) Average Permeability (m2) 
Ambient 2.7E-13 ±6E-14 
40 2.6E-13 ±6E-14 
60 2.6E-13 ±5E-14 
70 2.8E-13 ±8E-14 
After testing the media were examined with a Coulter™ Porometer IT (Version 3B) to 
assess if the media had suffered any significant effects in the tests at elevated 
temperatures, on the basis of pore size and pore size distribution. The results are 
shown in Table 4.3. 
T bl 43 P a e . ore sIze d atao fth e me la a ter testmg at diff; erent temperatures. 
Operating Minimum Pore Maximum Pore Mean Flow Pore 
Temperature (0C) Size (/..lm) Size (J..lID) Size (J..lID) 
Control 1.406 8.366 4.351 
Ambient 0.726 6.504 4.033 
40°C 1.123 7.033 3.501 
60°C 1.123 6.678 3.558 
70°C 1.519 7.869 4.011 
The results would suggest that the media does not undergo any significant degrading 
effects at elevated temperatures, so therefore it should be sufficient to perfonn the 
desired filtrationlwashing/deliquoring tests at either 50°C for the titanium dioxide or 
. 70°C for the catalyst. 
4.2 Suspension Characterisation 
To characterise both the catalyst material and TiOz the same experimental methods 
and equipment were employed. Particle size and size distributions were obtained 
using a Malvem™ MasterSizer, with t;-potential measured using a Malvern™ 
ZetaMaster, unless otherwise stated. 
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4.2.1 Catalyst Characterisation 
As stated previously the catalyst material was essentially composed of iron oxide in a 
sodium nitrate solution; brown in appearance with a natural pH of approximately 7.8. 
Further information on this material can be found in Appendix 2 on an rcr product 
safety data sheet. The origin of the material used is from a Synetix production facility 
in CIitheroe, Lancashire. Approximately sixty 5 litre containers were taken from the 
process at the appropriate stage (from the outlet of the preparation tank which feeds 
the filters) to facilitate sufficient laboratory testing at Loughborough University. 
Characterisation of the material was carried out using material from one of the 
containers, which was assumed to be typical of the remainder of the batch. It was also 
confirmed by rCI, that the properties of the suspended solid material would not change 
with time. 
Assessment of particle size and size distribution of the catalyst was carried out using a 
Malvem™ MasterSizer. The catalyst was to be processed at the natural pH and 70°C, 
although due to the limitations of the particle sizing equipment this characterisation 
work was carried out at ambient temperature. Table 4.4 outlines the results obtained 
from the Malvem™, with Figure 4.6 giving an indication of the corresponding 
particle size distribution obtained. 
Table 4.4: Results of DlO, Dso and D90 particle size analysis for the catalyst obtained 
from Malvem™ MasterSizer. 
Test Number 
1 
2 
3 
4 
5 
D10 (J,tm) D50 (!lm) 
1.64 5.95 
1.66 6.03 
1.64 6.00 
1.71 6.36 
1.64 6.02 
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Figure 4.6: Typical particle size distribution for the catalyst obtained from Malvern 1M 
MasterSizer. 
Upon assessment of the particle distribution data uncertainty can be drawn, in relation 
to the SEM pictures of the catalyst in Figure 4.7 - 4.9. The figures gradually increase 
in magnification with Figure 4.7 at the lowest magnification and Figure 4.9, the 
highest. An assessment of particle shape was attempted, although the pictures proved 
inconclusive. 
Figure 4.7: SEM of catalyst particles at the lowest relative magnification. 
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l 
Figure 4.8: SEM of catalyst particles with further magnification . 
.... ..;..""" ..... OL.~~'" ._ 
Figure 4.9: SEM of catalyst particles at the highest relative magnification. 
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The SEM's show a few 'lumps' and a lot of fines which may cloud the results 
obtained from a laser based instrument i.e. the 'lumps' may obscure the true 
distribution. To clarify whether these bi- (or maybe even tri-) modal distributions are 
a true representation, further samples were subject to pre-sieving at 45!lJI1. The 
results obtained are shown in Figure 4.10, which apparently show that this catalyst 
material is tri-modal. Detection of the peak at the lower end of the distribution has 
been made possible with the utilisation of a Malvern Mastersizer S which covers the 
particle size range 0.05 )lm-900 )lm. It should be noted that the sample material used 
for this sieving test was taken from a different batch of the catalyst; this material being 
typical of that used for the process scale test work, with DIO, Dso and D90 values of 
4.85, 11.48, and 35.79 )lm respectively. All other characterisation of the catalyst was 
carried out using the batch from which the laboratory scale experiments were carried 
out. Batch variability of the catalyst material is discussed in Chapter 7. 
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Figure 4.10: Relative particle size distributions for the catalyst obtained from 
Malvern TM MasterSizer S after sieving at 45 !lJI1. 
Another difficulty in obtaining the true particle size distribution is due to the fact that 
the catalyst is made up of a number of components - basic copper carbonate, trivalent 
chromium oxide and iron oxide - each with different refractive indices. Iron oxide, 
which forms the major proportion of the catalyst, has a refractive index of 3.1. With 
refractive index values of 2.5 for trivalent chromium oxide and 1.75 for copper 
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carbonate, it was decided on the basis of advice from rer, to use an averaged value of 
2.45 to interpret the results obtained from the laser sizing instruments. 
As stated previously the s-potential measurements were made using a Malvern™ 
ZetaSizer. The results from these experiments indicate that the catalyst has an iso-
electric point at '" pH 7, with a maximum negative charge of'" -44 mV (at pH 10). 
This can be seen in Figure 4.11. These values were obtained at ambient temperature. 
Further work on s-potential was carried out, to evaluate the I;;-potential of the catalyst 
suspension at elevated temperature. Data obtained at 70°C are also shown in Figure 
4.11, which shows that the iso-electric point of the suspension is at '" pH 5. The 
maximum negative charge is observed to be ",-30 m V at pH 10.7. 
An effect of temperature is therefore apparent. Usually I;;-potential variation with 
temperature would be application dependent, although little effect was anticipated 
with this material primarily composed of iron oxide. As temperature increases the 
viscosity of the medium would be offset by the change in mobility of the particles and 
hence the s-potential would remain relatively constant. However, as can be seen from 
Figure 4.11, the I;;-potential shifts (to the left) with increasing temperature. With 
limited knowledge of the material composition, due to commercial sensitivity issues, 
it is difficult to conclude, although the high ionic strength of the solution may cause 
the surface chemistry to change with temperature (see Section 1.4.4). If specific ions 
are absorbed onto the surface of the particles, these may desorb as the temperature 
increases and hence change the measured I;; -potential. 
Theoretically however, it would be anticipated that the s-potential would increase 
with increasing temperature, if it was just due to double layer effects (see Section 1.4). 
This assumes no other ionic changes, which, for the catalyst material may not be the 
case. 
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Figure 4.11: Zeta (1:;-) potential for catalyst at ambient and elevated temperature 
(70CC). 
Another parameter required for analysis of the deliquoring phase of this catalyst 
suspension was the surface tension of the sodium nitrate solution in which the 
particles are processed. After a series of IS independent samples had been evaluated, 
with acceptable reproducibility, the surface tension of sodium nitrate was found to be 
approximately 0.04 ±0.002 N m· l . This data was obtained using a White Electric Co. 
Ltd. DB 2KS Surface Tension Balance. 
Finally a sedimentation test was carried out with the catalyst suspension to determine 
the settling rate of the solids. This is an important consideration for the filtration 
phase of the filter cycle, where sedimentation effects can influence the filtration of a 
suspension. It is also critically important in the assessment of the experiments carried 
out to analyse any differences between upward and downward filtration. Figure 4.12 
shows the batch-settling curve for the catalyst suspension from which the (initial) 
settling rate is determined (4.83xlO-5 cm S·I). A constant rate settling period can be 
observed as the solid-liquid interface falls at a constant rate, until a 'critical' 
sedimentation point is reached. After this point the solid phase is in compression, 
leading to the formation of a compacted sediment. 
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Figure 4.12: Batch settling curve for the catalyst suspension. 
4.2.2 Titanium Dioxide (TiOz) Characterisation 
Tioxide Europe produced the TiOz used within this project at their production site in 
Greatham, Teeside. Material was isolated froin the process pre-filtration; dried and 
then packaged in 25 kg bags. Approximately 1 tonne was manufactured, which 
allowed both the laboratory and process scale experiments to be carried out using 
'identical' material. This was in contrast to the work carried out with the catalyst 
material, which utilised one batch of material for the laboratory scale experiments, 
followed by process scale work assessing 4 batches during a production campaign. 
Two crystalline forms of Ti02 pigments are produced - anatase and rutile. Anatase 
crystals are marginally smaller than rutile. Most grades have a surface coating of 
metal oxides (or hydrated oxides); and a further surface treatment of organic 
materials. The material used for this work was uncoated rutile titanium dioxide, 
which is essentially an inert, fine (sub-micron) white powder, with high surface charge 
and specific gravity 4.26. Further product and material information can be found in 
Appendix 2 (Tioxide material safety data sheet). 
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The particle size and size distribution of the Ti02 was assessed using a Malvern™ 
Mastersizer S. The material was to be processed at pH4 and SO°C; thus assessment of 
the material at these conditions was of primary importance. Operating temperature of 
the process scale equipment was estimated and fixed as SO°C by ICI and pH4 was 
found to be the iso-electric point of the material (see Figure 4.17). At SO°C the 
Malvern instrument is unable to obtain particle size data, thus data was accumulated at 
arnbienttemperature. 
Initial characterisation of the Ti02 was carried out using the standard dispersion 
method as used by Marchant [1999], that gives the best dispersion. This methodology 
involved the use of water, the liquid phase for the experimentation, and a dispersant, 
MIPA. Ti02 powder was dispersed in the water and MIPA mixture at SOv/v%. This 
methodology is described in detail in Section S.I.3. The other dispersion method 
(@concentration) used was that which is employed by rcr on the process scale. This 
also involves the use MIP A, although the Ti02 and water are dispersed at the required 
concentration; 3S0 g rI, the value used throughout all experimentation (as required by 
rCI). Again this is detailed in Section S.I.3, and it should be noted that the 
'@concentration' methodology was used throughout all experimentation at both 
laboratory and process scale. The '@concentration' methodology was used because 
this was the only practicable way of re-dispersing the Ti02 for the process scale 
experiments and it was the intention that the laboratory scale experiments mirrored the 
process scale operation as closely as possible. Data sets for both dispersion methods 
are shown. 
As stated previously, the condition of particular interest was pH4 and Table 4.S gives 
a direct comparison of the two dispersion methods. Results of DlO, Dso and D90 
particle size analysis are given, with their respective particle size distributions shown 
in Figure 4.13. 
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Table 4.5: Results of Dw, D50 and D90 particle size analysis for Ti02 at pH4 obtained 
from the standard dispersion method and @concentration method using a Malvern™ 
Mastersizer S 
Methodology DIO (urn) Dso (urn) D90 (urn) 
Standard 0.12 0.37 1.01 
@concentration 0.23 0.55 1.14 
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Figure 4.13: Particle size distributions for Ti02 at pH4 obtained from the standard 
dispersion method and @concentration method using a Malvern ™ Mastersizer S. 
In conjunction with the particle size analysis data, SEM pictures were taken of the 
Ti02, which provide some idea of particle shape. They are shown below in Figures 
4.14 - 4.16, which increase sequentially in magnification. Generally Ti02 particles are 
regarded as prolate ellipsoids. 
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Figure 4.14: SEM of Ti02 particles at the lowest relative magnification . 
• 53 urn 
Figure 4.15: SEM ofTi02 particles at an increased magnification. 
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Figure 4.16: SEM ofTi02 particles with the highest relative magnification. 
i;-potential measurements were obtained for the Ti02 at both ambient temperature and 
50·C, using a Malvern Zetasizer. Sodium hydroxide (NaOH) and hydrochloric acid 
(HCl) were used to alter the pH based on the advice ofTCr. Both data sets are shown 
in Figure 4.17 from which it can be observed that the Ti02 has an iso-electric point at 
pH4 for both temperatures, with a maximum negative charge of - 64 m V at pH9 for 
ambient temperature conditions and - 104 m V at pHIO for 50·C. An effect of 
temperature is therefore apparent, although rather less exaggerated than with the 
catalyst material. Again little effect was anticipated with this material for similar 
reasons to the catalyst, with the i;-potential remaining relatively constant at elevated 
temperature. As can be seen from Figure 4. 17, the magnitude of the i;-potential is 
increased with increasing temperature, as theory would suggest. Similar scenarios, as 
those proposed for the catalyst material, can be constructed and attention is again 
drawn to Section 1.4. 
Samples that are affected by temperature tend to be biological in their nature. Proteins 
for example can show changes in i;-potential with temperature. If a protein molecule 
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is denatured, different groups are exposed on the surface which alters the charge and 
hence mobility/I;; -potential. 
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Figure 4.17: Zeta (1;;-) potential for TiOz at ambient and elevated temperature (50°C). 
In line with this data, a series of tests were carried out to analyse the effects of pH on 
mean particle size. Again, in Figure 4.18, a direct comparison between dispersion 
methods can be observed, again proving the standard methodology provides enhanced 
dispersion. 
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temperature. 
Other characterisation data required for the Ti02 experimentation was the surface 
tension of water (0.07 N m· l ) to aid assessment of any deliquoring experiments and an 
idea of the suspension settling characteristics to evaluate any effects on filtration. As 
with the catalyst, a batch settling curve was generated for Ti02 (see Figure 4.19) from 
which an initial settling rate of 5.68 x 10.4 cm S·I was obtained. 
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Figure 4.19: Batch settling curve for the Ti02 suspension. 
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4.3 Conclusions 
Characterisation of the media and suspensions was successfully completed, providing 
necessary data and knowledge of the materials from which to commence 
experimentation. 
84: 
5. Experimental Procedure and Validation 
Associated with this project are a number of experimental procedures for the different 
scales of filter assessed. Laboratory scale testing was carried out at Loughborough 
University, with process-scale testing carried out at two ICI plants in the UK. This 
chapter expands on the outline experimental programme presented in Chapter 2. 
Testing at IeI was in two parts. The first was carried out at Synetix (Clitheroe, 
Lancashire) and involved analysis of an RVF (see Section 3.3.1). A second testing 
period analysed the performance of a diaphragm filter press at Tioxide in Greatham, 
Teeside (see Section 3.3.2). Section 5.2 details the procedures for the RVF and 
diaphragm filter press process scale test work. The laboratory scale experimental 
procedures are described in Section 5.1. 
5.1 Laboratory Scale Experiments 
Minimal hardware and software commissioning of the existing laboratory scale rig 
was required prior to experimentation, due to the satisfactory development of the 
apparatus during previous work [Hancock, 1998]. Upon completion of the necessary 
modifications to the rig, which included the construction of a new filter cell (see 
Figure 3.2), reproducibility experiments were carried out to verify the consistent 
operation of the apparatus. This section summarises not only the necessary 
experimental procedures, but also essential calibration and commissioning of the 
apparatus carried out prior to experimentation to validate the equipment. 
Section 5.1.1 outlines the necessary calibration of the pressure transducer and 
regulator which is followed in Sections 5.1.2 - 5.1.5 by the experimental procedure 
for four distinct operations - rig preparation, dispersion of the suspension, filter cycle 
experiment and data collation. Results generated during the laboratory scale 
commissioning phase are discussed in Section 5.1.6., which assess the reproducibility 
and reliability of the rig. 
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As described in Section 3.2.2, an alternative apparatus was utilised for a series of 
upward and downward comparative filtration tests, with the catalyst only, to assess 
sedimentation effects on filtration. Procedures for this experimentation are described 
in Section 5.1.7. 
5.1.1 Pressure Transducer and Regulator Calibration 
In order to ensure accurate pressure control of the laboratory scale rig, two calibration 
tests were carried out periodically. The pressure transducer and electronic pressure 
regulator required calibration in order to correlate supply pressure to AID 
(AnaloguelDigital) values generated by the PCL-812PG LabCard within the 
computer. The AID values ranged from 2049 @ OV to 4095 @ 5V. 
During an experiment, the pressure regulator controlled filtration, washing and 
deliquoring pressures, with the pressure transducer providing an on-line pressure 
reading. In Figure 3.1 the regulator and transducer (PT) can be found in the line from 
the compressor to the slurry and the wash vessels. The transducer calibration utilised 
a DRUCK DPI 603 Pressure Calibrator to provide the actual pressure values from 
which the computer readings were then observed. Results of the transducer 
calibration are represented in Figure 5.1. The resultant regression data, also given in 
Figure 5.1, was incorporated into the computer programme, which controlled the rig 
operating pressure. 
86 
eoo 
700 
600 
'iG' 500 
.. 
<!. 
~ 400 
• • e 
a. 300 
200 
100 
0 
1500 1700 1900 2100 2300 2500 2700 
Computer Signal 
2900 
y .. 0.5337x· 1079.8 
At", 0.9999 
+ Experimental Data 
-LInear Re resslon 
3100 3300 
AID Reading Measured by PCL·812PG LabCard 
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By providing the computer with a range of nominal pressures, calibration of the 
pressure regulator was carried out. Sequences of on-line values from the previously 
calibrated pressure transducer, and corresponding computer signals to the regulator 
(values between 2049 - 4095) were obtained. Figure 5.2 provides graphical 
representation of the results, along with the regression data. Again the computer 
programme was modified to incorporate the results of this calibration procedure. 
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Figure 5.2: Typical pressure regulator calibration. 
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5.1.2 Apparatus Preparation 
With satisfactory calibration of the pressure transducer and regulator, the apparatus 
operation was established and validation of experimental procedures was carried out. 
The first stage of the experimental procedure involved rig preparation, which included 
cleaning out the filter cell, feed vessels and associated pipe work. Water was passed 
through the rig until the filtrate became clear. Upon completion a new piece of 
SCAPA-Primapor filter media (described in Section 4.1) was placed in the filter celL 
Filter cycle experiments were carried out at elevated temperatures of either 70°C or 
50°C. To enable the rig to reach the desired experimental temperature, water, from a 
heated central reservoir, was circulated around the jacket system. A period of 
approximately 2 hours was allowed to enable the filter cell, feed vessels and the 
suspensions contained within them, to reach the required temperature. Operating 
temperatures were checked where possible before commencing all experiments. 
The wash liquor used for the experiments was double distilled water and fed from the 
wash liquor vessel. Both feed vessels on the rig contained stirrers, which were 
switched on when a suspension or water was added to that particular vesseL The 
required suspension and wash liquor were added to their designated feed vessels and 
allowed to reach the experimental operating temperature of either 70°C (±3°C) for 
Catalyst experiments or 50°C (±3°C) for Ti02 experiments. Addition of the feed 
suspensions was only made once they had been satisfactorily dispersed. 
5.1.3 Suspension Dispersion 
Preparation of the suspensions - the catalyst and Ti02 - followed set procedures that 
were distinct from each other as the Catalyst was supplied in aqueous suspension and 
the Ti O2 supplied in powder form. 
The Catalyst was dispersed in a plastic container, 5 litres at a time, with stirrer 
agitation for approximately 1 hour. A sample of a desired quantity was then decanted 
from the dispersed feedstock. No pH adjustment or particle size analysis was 
necessary due to the fact that the suspension was to be filtered at the natural pH and 
that all the material was from the same batch (assumed uniform). Each decanted 
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slurry sample, however, was assessed in terms of total feed suspended solids 
concentration by removing a quantity from the feed slurry and weighing. Due to the 
presence of dissolved solids (sodium nitrate) in the liquor, a similar procedure was 
carried out on a (clear) filtrate sample, to measure the dissolved solids concentration. 
Calculation of the suspended solids concentration (w/w%) was then obtained via eqn. 
(5.1): 
Suspended Solzds ConcentratIOn (wlw%) = 100 (5.1) . . (SlUrry wlw - filtrate WIW) 
1- filtrate wlw 
Dispersion of the titania was rather more complicated and involved the use of a 
surfactant and an homogeniser. Two methodologies were used during the Ti02 
characterisation, namely the 'standard' method and the @concentration method, 
although all filter cycle experiments were performed using the @concentration 
method. Both dispersion methods are described. 
The 'standard' method involved preparing a suspension of 50v/v%, Ti02 in water. 
This has been shown to provide the best dispersion for Ti02 suspensions [Marchant, 
1999]. Distilled water was. used and obtained from a Millipore MiIliRX20 water 
purification system, to which a surfactant, monoisopropanolamine (MIP A), was added 
at a concentration 0.3w/w% of solids. Aqueous feedstock of MIP A was provided at a 
concentration of 95%. Sufficient Ti02 was then mixed into this solution; in a plastic 
beaker, with the aid of a spatula, with subsequent dilution undertaken, if required, to 
reach the desired suspension concentration. The alternative methodology 
(@concentration) involved preparing a suspension of Ti02 and water at the desired 
concentration, which for all experimentation, on both laboratory and process scale, 
was 350 g rl. Again MIP A was added to the water prior to the titania at a 
concentration 0.3w/w% of solids. 
For both dispersion methodologies, the pH of all feed suspensions was decreased to 
approximately 4, using hydrochloric acid (HCl) prior to homogenisation. 
Homogenisation was affected using an Ultra Turrax T25 homogeniser (Janke & 
Kunkel, lKA Labortechnik), with a 25 mm dispersing tool (IKA S 25N - 25F), at 
8000rpm for approximately 8 minutes (see Figure 5.3). 
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Figure 5.3: Ultra Turrax T25 Homogeniser. 
MIP A was used to aid dispersion because it reduces the solid-liquid interfacial tension 
so that the wetting process becomes more efficient. Also the dispersion becomes 
more stable and less likely to flocculate. To ensure the homogenisation was 
satisfactory, a Malvern ™ Mastersizer S was used to ensure that the required mean 
(050) size had been obtained, with sample results shown in Chapter 4. 
5.1.4 Filter Cycle Experiments 
Once all the apparatus had been configured correctly and the experimental equipment 
and liquors reached the desired temperature, a filter cycle experiment could be 
performed. The required operating parameters for an experiment were typed into the 
computer programme along with the name of an output data file to store the 
experimental data. Details concerning pressures, times, interval times and the filter 
cycle itself could be fixed in the programme. 
Initiation of the apparatus then took place with the regulator setting a small fixed 
pressure, sufficient to fill the cell with slurry. This operation involved the automated 
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opening of the suspension feed valve and the filter cell vent valve. After a set time the 
vent valve closed and the rotating wash collection table would revolve until it reached 
the starting position. The required filtration pressure for the experiment was 
established and the filtration phase of the chosen cycle commenced. 
During filtration the suspension feed valve remained open along with the filtrate valve 
beneath the filter cell. The pre-tared balance waited to detect a filtrate flow from the 
filter cell and once detected, the filtration and cycle times commenced. At the pre-
defined interval time the computer recorded the cycle time and balance reading of 
filtrate mass. A real-time plot of time/volume vs. volume was displayed throughout 
the experiment on the computer screen, and was updated each time a reading was 
taken. The procedure was repeated until the filtration time had elapsed. 
To signify the end of the filtration phase all valves reverted to closed. The cycle time 
would continue, with the phase time returning to zero, initiating timing of the next 
stage in the cycle. Deliquoring or washing would then take place with the regulator 
either reducing, increasing or maintaining the pressure at the required value for that 
cycle phase. Correct valve operation would then be established, by the computer 
software, to the configuration necessary for the desired phase. When deliquoring, the 
air inlet valve to the filter cell and the filtrate valve were open, whereas for a washing 
phase the wash feed vessel valve would open along with the filtrate valve. At pre-
defined time intervals during a washing phase the three-way valve diverted the filtrate 
flow from the electronic balance to the rotating wash collection table where samples 
were collected. Between each wash liquor sample the rotary table would position the 
next pot beneath the sample outlet, allowing all wash liquor to be collected in the 
appropriate pot attributed to the correct time interval. 
5.1.5 Data Collation 
As well as the continuous data logging of filtrate volume and time, a number of other 
parameters were recorded, post experiment, to enable interpretation of the results. For 
the catalyst experiments specifically, three measurements of the filtrate were made. 
Firstly the total weight collected was measured from which the density could 
subsequently be determined. This was done by measuring a fixed volume of the 
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filtrate into a 10 ml volumetric flask and weighing it. An assessment of dissolved 
solids concentration was also made. A sample of the filtrate was weighed, placed in a 
drying oven to drive off the water, and the remaining solids were weighed. From this 
the dissolved solids concentration was determined. The measurement was subtracted 
from the total feed solids concentration, to yield the feed suspended solids 
concentration (w/w%), calculated by eqn. (5.1). 
Various parameters concerning the filter cake were measured for both the catalyst and 
Ti02 experiments. The cake thickness was measured in the centre of the cell in 
addition to the taking of a cake sample. To enable comparison between tests the 
samples were extracted from the same spatial position in all the cakes. A cake sample 
was weighed, dried and then re-weighed to permit calculation of the cake 
concentration. 
When investigating deJiquoring characteristics of catalyst filter cakes, sections were 
taken of the cake to monitor the moisture content and its variation throughout the 
depth. In such instances the cake height was measured and then divided into three 
equal sections. These sections were designated h(O, 1/3), h(1/3, 2/3) and h(2/3, 1). 
Again all samples were weighed, dried and re-weighed to assess the moisture content 
of the samples throughout the depth of the cake. From this a deliquoring profile was 
obtained. 
5.1.6 Apparatus Commissioning 
Prior to commissioning, several modifications were made to the existing apparatus, 
with the insertion of a new variable-height filter cell (Figure 3.2) and associated 
equipment, lagging of all necessary process streams, along with commissioning 
exercises such as water (leak) and pressure testing. These tests were carried out at 
elevated pressures and temperatures to assess satisfactory rig operation in more 
extreme conditions. 
After satisfactory modification and calibration of the laboratory scale apparatus, along 
with the establishment of experimental procedures, commissioning of the apparatus 
was carried out to ensure reliable and reproducible data. A series of experiments was 
92 
- -- - - -- - -----------------
executed to evaluate this. Commissioning was relatively straightforward with regard 
to the software and hardware. No further major changes were made to the associated 
hardware. However, throughout the testing period the computer software was 
continually updated, allowing for improvements to be made to the experimental 
sequencing. 
5.1.6.1 Data Reproducibility 
To assess the reliability and reproducibility of the experimental apparatus, a series of 
preliminary experiments were carried out. Using the catalyst material two filtration 
tests were performed at a constant pressure of 35 kPa. Suspensions were filtered at 
the natural suspension pH (7.8), with feed concentrations of approximately 25-
28w/w% suspended solids. Two experiments were also carried out using the Ti02 
material. These suspensions were filtered at 500 kPa, pH4 with a feed concentration 
of 25.9w/w% solids (350g r 1). 
The results of tests are shown in Figures SA and 5.5. Figure SA shows the mass of 
filtrate collected against time and Figure 5.5 is a plot of time/volume vs. volume. 
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Figure 5.4: Mass of filtrate vs. time plots for filtration tests of the catalyst 
at LlP = 35 kPa and 70°C and Ti02 at LlP = 500 kPa and 50°C. 
93 
2500000 
01' 2000000 
E 
s; 1500000 
"'''''' 
-o-Catalyst 
~ Tdanium O!oxide 
'~----~-----r-----+------~----+-----~-----r ____ -+ ____ ~ 
• 0.0001 0.0002 0.0003 .. ""'" 0.0005 .. """ 0.0001 0.0009 
Volume (m:; 
Figure 5.5: Time/volume vs. volume plots for filtration tests of the catalyst 
at & = 35 kPa and 70°C and TiOz at & = 500 kPa and 50°C. 
From these data, filtration times could be obtained and for the chosen experimental 
conditions were approximately 2100 s, for 1 litre of Catalyst slurry (-25w/w% feed 
concentration) and 1900 s for the TiOz suspensions of 350g titania per litre of water. 
It can be observed from both figures that there is good correlation between the tests, 
concluding that the experimental apparatus reliably provided reproducible data. 
More detailed comparison was made between these commissioning filtration tests, to 
assess reproducibility. Table 5.1 provides comparative data for the experiments in 
terms of average specific cake resistance, a, average cake porosity, e, and cake 
thickness, L. Acceptable correlation can be found between the respective tests for the 
catalyst and TiOz suspensions, although perhaps greater variability was observed with 
the catalyst material. This is attributed to the fact that the material was supplied as a 
suspension, thus fixed concentration feed material was generally unobtainable 
(±2.2w/w% in this instance). The TiOz was supplied in powder form enabling fixed 
concentration suspensions to be dispersed. 
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Table 5.1: Commissioning filtration tests of catalyst and Ti02 suspensions to verify 
laborato scale a aratus reJiabiJit rovidin re roducible data. 
Experiment IX (m kg-I) e (_) L (m) 
Catalyst (1) 1.2E+ 11 0.62 0.023 
Catalyst (2) 9.8E+1O 0.58 0.022 
TiOz (1) 
Ti02 (2) 
8.6E+11 
1.0E+12 
0.73 
0.70 
0.014 
0.014 
Further series of test were also carried out, with the catalyst and Ti02 suspensions, at 
different filtration pressures. For the catalyst material a test carried out at 35 kPa is 
shown in relation to further testing at filtration pressures of 300 and 600 kPa (see 
Figures 5.6 and 5.7). The feed concentrations of the suspensions utilised in these tests 
were comparable with those used previously. 
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Figure 5.6: Mass of filtrate vs. time plots for filtration tests of the catalyst 
at LlP = 35 kPa, 300 kPa and 600 kPa (at 70°C). 
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Figure 5.7: Time/volume vs. volume plots for filtration tests of the catalyst 
at LW = 35 kPa, 300 kPa and 600 kPa (at 70DC). 
As stated previously, the filtration time can be estimated from a plot of time/volume 
vs. volume. For the three filtration pressures of 35 kPa, 300 kPa and 600 kPa, 
filtration times of approximately 1860, 920 and 820 s were estimated, respectively. 
As expected there is a decrease in the filtration time with increasing pressure due to 
the increased flow of filtrate through the filter cell and data are sequential. The 
filtration time (at ~p = 35 kPa) of 1860 s is significantly differentJrom that previously 
quoted, and obtained from Figure 5.5, as 2100 s. Both feed samples were however, 
obtained from the same batch of catalyst material, thus material variability within a 
batch, which was directly observed at process scale, may be responsible for these 
differences. 
Similar data and trends for Ti02 suspensions filtered at different pressures were 
obtained. Commissioning data for tests were carried out at 100, 300, 400 and 500 kPa 
can be found in Appendix 3. 
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5.1.7 Additional Filtration Experiments 
To examine the differences between upward and downward filtration experiments, a 
simpler experimental apparatus was utilised (see Section 3.2.2), along with the 
catalyst feed material. 
Prior to testing all apparatus was cleaned with water, to remove any residual material 
from the filter leaf. Water was also passed through the filter medium several times 
until clear filtrate was obtained. 
For upward constant pressure filtration experiments, one litre of the catalyst was 
dispersed as described in Section 5.1.3, and placed into the suspension basin. The leaf 
filter was submerged to approximately half the suspension depth and the vacuum 
pump switched on. The required level of vacuum necessary to initiate and maintain 
filtration was found to be 65 kPa. This value was subsequently used for all 
experiments. Filtrate volume was manually recorded as a function of time. During an 
experiment, the suspension basin was continuously agitated. 
Once the vacuum had been removed from the filter, the leaf was taken out of the 
suspension and the thickness of the formed cake was measured. For the purpose of 
particle size analysis, two 10 rnl sar.1ples of the suspension were taken during an 
experiment, from near the filter surface, using a syringe. 
At the end of an experiment, cake and filtrate samples were taken. The filtrate sample 
was used in conjunction with the feed sample (as described in Section 5.1.5) to 
calculate the feed suspended solids concentration, with the cake sample used to aid the 
calculation of cake concentration. Both samples were weighed, dried and re-weighed. 
Measurement of particle size distribution with respect to cake height was also made. 
Procedures for the constant vacuum downward filtration experiments were similar. 
After changing the orientation of the leaf filter, with the filtration surface now facing 
upwards, vertical sides were fixed onto the leaf filter enclosing the filter area. 
Subsequent leak testing took place to ensure a good seal had been attained. 
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To assess the reliability and reproducibility of the experimental apparatus, a series of 
preliminary experiments were carried out. Using the catalyst material three filtration 
tests were performed at a constant vacuum of 65 kPa, for both the upward and 
downward filtration configurations. Suspensions for the downward filtration tests 
were filtered at the natural suspension pH (7.8), with feed concentrations of between 
26-32w/w% suspended solids. The results of these tests are shown in Figures 5.8, 
which shows the mass of filtrate collected against time. 
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Figure 5.8: Mass of filtrate vs. time plots for downward filtration tests of the catalyst 
at .<lP = 65 kPa. 
Similar experiments were carried out for the upward filtration configuration. Catalyst 
suspensions were again filtered at the natural suspension pH (7.8), with feed 
concentrations of between 22-27w/w% suspended solids at a constant vacuum of 65 
kPa. The results of these tests are shown in Figures 5.9. 
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Figure 5.9: Mass of filtrate vs. time plots for upward filtration tests of the catalyst at 
~p = 65 kPa. 
It can be observed from Figures 5.8-5.9 that there is good correlation between the 
tests, concluding that the experimental apparatus provides reproducible data. 
Some more detailed comparison was made between these commissioning filtration 
tests, to assess apparatus reliability and reproducibility. Table 5.2 provides 
comparative data for the experiments in terms of average specific cake resistance, a , 
average cake porosity, e, and cake thickness, L. Acceptable correlation can be found 
between the respective tests for the upward and downward configurations. 
Table 5.2: Commissioning upward and downward filtration tests of catalyst 
suspensions to verify laboratory scale apparatus reliability in providing reproducible 
data. 
Experiment a (m kg'!) e (-) L (m) 
Downward I 3.8E+ll 0.54 0.010 
Downward 2 5.0E+ll 0.55 0.012 
Downward 3 4.IE+ll 0.56 0.012 
Upward I 3.5E+ll 0.57 0.010 
Upward 2 4.IE+ll 0.57 0.010 
Upward 3 4.3E+12 0.55 0.013 
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5.1.8 Conclusions 
The laboratory scale apparatus was successfully commissioned and reliable data were 
obtained providing a sound base from which further experimental work proceeded. 
Numerous minor problems were encountered during the commissioning period, which 
required modification of the apparatus and software changes to the existing computer 
programme. All were overcome culminating in a reliable experimental rig with which 
to carry out future experiments. Satisfactory operation of the upward and downward 
leaf filter configuration was also achieved. 
5.2 Process Scale Experiments 
As stated previously, the process scale work entailed two distinct testing periods on 
two different types of filter. The first analysed the performance of an RVF with a 
second period assessing the operation of a diaphragm filter press. The RVF work was 
concerned with the production of the catalyst material and the diaphragm filter press 
work with the TiOz. 
5.2.1 RVF Testing Criteria 
Data and samples were taken from an RVF and its associated equipment at the lCl 
Synetix site in Clitheroe, Lancashire. Although the filter operated continuously, 
distinct batches of catalyst were sequentially processed and therefore variation within 
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a batch and between subsequent batches was assessed. Collection of data was 
executed at regular, hourly, intervals throughout a batch. Repetition of the collection 
procedure was carried out to assess any variability within the process with respect to 
time. Over the whole testing period 4 different batches of the catalyst material were 
studied. 
Plant details and layout can be found in Section 3.3.1 and Appendix 1, and this section 
shall refer directly to the experimental equipment described. Notation used in Figure 
3.5 (A, B, C-K) is utilised to highlight the various pieces of equipment. The physical 
parameters of the process plant remained essentially fixed through the testing, with 
drum speed, operating vacuum and temperatures maintaining relatively constant 
values. Some parameters did change, however, due to variability between batches; 
examples being feed and wash flow rates, suspension pH and feed concentration. 
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Liquid and cake samples were taken from the designated points in the process and 
collected in 250 cm3 containers (with lids). Liquid samples required analysis on the 
basis of suspended solids content (w/w%), particle size analysis and density 
measurement, for the feed slurry samples, with filtrate and washing liquor samples 
requiring loss on drying (LOD) analysis and density measurement. Cake samples 
were also collected in sealed plastic containers and analysed for LOD, and sodium 
content. 
The physical dimensions of the RVF (K) were obtained (as described in Section 
3.3.1), along with the internal partitioning in the drum and the feed bosch dimensions. 
Ancillary equipment such as the filtrate/washings receiver (J) and the feed bosch (C) 
were also specified in terms of their dimensions and volume. All necessary 
documentation concerning the specification of the filter and associated equipment can 
be found in Appendix 1. 
Samples collected were assigned labels and given an identifier as shown in Table 5.3: 
Table 5.3: RVF sample identification terminology. 
FS - Feed Slurry 
FSB - Feed Slurry from Bosch 
Surface of Bosch FSB1 
FW - Filtrate and Wash Sample 
Filtraterw ashing: FW 
FC - Filter Cake Samples 
Washed Cake at Top of Drum: FCl 
Before Cake is Blown Off (max. deliquor.): FC2 
Post-Cake Blown Off (pre-discharge): FC3 
Bosch Sample (as low as poss. in drum): FC4 
Some samples carried a number, post-prefix, which identified where various different 
samples had been taken from. This was followed by a dash, after which a number was 
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assigned to the samples chronologically. For example, FC3-6 was the sixth filter cake 
sample, taken from the drum immediately prior to cake discharge. 
5.2.1.1 Analysis and Equipment Requirements 
The various samples taken were analysed for the following: 
FS and FSB Samples: 
FW Samples: 
FC Samples: 
density measurement 
suspended solids concentration (w/w%) 
particle size analysis 
density measurement 
moisture content 
wash analysis (sodium content) 
For each collection procedure (approx. 1 per hour), seven 250 cm3 sample jars with 
lids were required. Some general plant equipment was also utilised and included a 
thermocouple, pH Meter, stopwatch, spatula, probe and ruler. 
5.2.1.2 Data Collection Procedure/Sheet 
A standard data collection sheet was utilised to record the operating parameters of the 
RVF (see Figure 5.10). It was intended that this would aid the data collection process 
and provide the necessary database from which to commence analysis of the RYF 
performance. The following text describes one data collection circuit of the process 
scale operation. 
Once the batch number, batch time, date and real time had been recorded, a data 
collection circuit proceeded. As stated previously, the collection points in the process, 
defined A, B, C, etc., refer to those shown in Figure 3.5. Firstly the operating vacuum 
of the drum was measured from an indicator (A) on the filtrate/washings line from the 
drum internals and recorded. 
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Data Collection Sheet 
Batch Number: Date: 
Batch Time: 
Speed Of Rotation (rpm): 
Feed Samples: 
Cake Thickness: 
I. General Sample: 
2. Surface of Bosch 
3. Drum Submergence (cm): 
4. Overall Flow Rate (cm minI): 
5. FiltrateIW ashing Flow Rate: 
(FW Sample) 
6. Wash (Feed) Flow rate (m' hfl) 
I. Point 1 (mm): 
2. Point 2 (mm): 
3. Point 3 (mm): 
4. Point 4 (mm): 
pH: 
v' 
v' 
Operating Temperatures: 
I. Feed Temperature ('C): 
2. Surface of Bosch ('C): 
3. Wash Liquor Temperature ('C): 
Operating Pressures: 
1. Vacuum Measurement (bar): 
Filter Cake Samples: 
I. Washed Cake at Top of Drum: v' 
2. Before Cake is Blown Off (max. deliquor.): v' 
3. Post-Cake Blown Off (pro-discharge): v' 
4. Bosch Sample (as low as poss. in drum): v' 
Time: 
Figure 5.10: Data collection sheet for analysis of the process scale RVE 
The rotational speed of the drum was measured with a stopwatch. Two feed slurry 
samples were collected in suitably labelled containers and their temperatures 
measured using a calibrated thermocouple. These samples were taken from the 
preparation (feed) tank prior to transfer to the filter (B) and from the feed bosch itself 
(C). The pH of the bosch sample was recorded. A temperature measurement was 
made at the bottom of the bosch also using the thermocouple, with an extension, to 
assess any temperature variation in the feed bosch. Another liquid sample was taken 
from the filtrate/washings combined liquor on the outlet side of the filtrate receiver 
tank (D) and collected in a labelled container. 
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Drum submergence in the feed bosch was measured with a ruler. Feed flow rate and 
filtrate/washings flow rate were then measured, although these proved difficult to 
obtain reliably. These were recorded last in the collection circuit and the methodology 
employed is outlined below. 
The slurry flow rate could not be measured directly due to the unavailability of a 
suitable flow meter, and a flow meter was not placed in the filtrate/washings line 
because it was under vacuum. Best estimates were therefore used to measure these 
two parameters. Filtrate/washings flow rate was measured by manually switching off 
the pump (G) associated with the filtrate receiver and allowing the level in the 
receiver to rise. With knowledge of the volume calibration of the receiver (see 
Appendix 1), the level was allowed to rise by 10%. This was monitored by the level 
indication on the receiver, and the time taken to achieve this increase was recorded. 
The height differential was then converted to an equivalent flow rate (m3 S·I) to 
quantify the combined filtrate and washings contribution. To obtain the feed slurry 
flow rate the operation of the filter was stopped, leaving only the feed pump (H) in 
operation. Drum rotation was stopped, the filtrate pump switched off (G), the wash 
liquor was isolated and the vacuum removed from the drum. Feed slurry was allowed 
to back up in the feed bosch (C) with a height increase measured in a fixed time 
period. Knowledge of the bosch and drum geometry (see Appendix 1) allowed the 
differential height measured to be converted and this provided an estimate of the feed 
flow rate (m3 S·l). 
Wash flow rate was obtained from a flow meter in the wash feed line (E) and its 
temperature measured with the thermocouple at the top of the drum where the wash 
was fed onto the drum (F). 
Cake thicknesses were obtained from the four points on the drum, by inserting a probe 
into the cake; the insertion depth was measured with a ruler. Access to the higher 
points on the drum was aided by the construction of scaffolding around the drum 
itself. A cake sample was taken from the drum at each of the four sampling points. 
The samples were taken using a spatula and then transferred immediately into sealed 
containers. 
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The complete sequence of measurements and sampling was repeated over a two week 
production campaign of the catalyst material, during which the four batches were 
processed. Sufficient data was collected to enable modelling of the RVF operation to 
be carried out and compared with scale-up predictions from the laboratory scale work. 
Results from the process scale work can be found in Chapter 6. 
5.2.2 Diaphragm Filter Press Testing Criteria 
Data and samples were taken from an Edwards and Jones diaphragm filter press and 
its associated equipment, which are described and detailed in Section 3.3.2 and 
Appendix 1. A series of experiments was carried out to acquire the necessary data to 
assess and analyse filter performance. 
The operating parameters of the plant remained essentially fixed through the testing 
period, although feed, wash and deliquoring pressures of between 300 - 600 kPa were 
utilised. Some experiments employed different numbers of plates, with either a three 
or five plate (two or four cakes, respectively) set up. 
Liquid samples were taken from the designated points in the process and collected in 
sealed plastic containers (250 cm\ Feed samples were subjected to particle size 
analysis, to ensure satisfactory dispersion. Filtrate and wash liquor samples required 
assessment of sodium content via conductivity measurement. 
Cake samples were also collected in sealed plastic containers (250 cm3) and analysed 
for moisture content and residual sodium levels. All samples were labelled and 
assigned identification. Similar terminology to that used during the RVF catalyst test 
work was employed as shown in Table 5.4. All samples carried prefix identifiers as 
listed, where a number, post-prefix, identified Where different samples had been taken 
from. This was followed by a dash, after which a number was assigned to samples 
chronologically. For example FC2:1-6 was the sixth filter cake sample, taken from 
the edge of cake 2. 
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Table 5.4: Diaphragm filter press sample identification terminology. 
FS - Feed Slurry 
FT - Filtrate Sample 
FW - Wash Sample 
FC - Filter Cake Samples 
Cake I (middle): 
Cake 1 (edge): 
Cake 2 (middle): 
Cake 2 (edge): 
Cake 3 (middle): 
Cake 3 (edge): 
Cake 4 (middle): 
Cake 4 (edge): 
5.2.2.1 Analysis and Equipment Requirements 
The various samples taken were analysed for the following criteria: 
FCI 
FCl:l 
FC2 
FC2:1 
FC3 
FC3:1 
FC4 
FC4:l 
FS Samples: suspended solids concentration (g r1) 
particle size analysis 
FT Samples: 
FWSamples: 
FCSamples: 
conductivity 
conductivity 
conductivity 
moisture content 
wash analysis (sodium) 
General plant equipment included an existing Silverson TM Homogeniser, a 
thermocouple (O-lOO°C), pH and conductivity meters, a stopwatch, calibrated filtrate 
receivers, a spatula, probe and ruler. 
5.2.2.2 Data Collection Procedure/Sheet 
A standard data collection sheet was utilised to record the operating parameters of the 
diaphragm filter press (see Figure 5.11) and aid the data collection process. 
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Data Collection Procedure/Sheet 
Experiment Number: 
Date: 
Time: 
Feed Samples: 
pH: 
I. General Feed Sample: 
2. Filtrate Sample: 
Conductivity (mS) 
3. Wash Flow Rate (rn's'): 
Sample Jars (FW-I) 
Cake Thickness: 
I. Cake I (mm): 
2. Cake 2 (mm): 
3. Cake 3 (mm): 
4. Cake 4 (mm): 
Operating Temperatures: 
, I. Feed Temperature (QC): 
2. Wash Liquor Temperature CC): 
Operating Pressures: 
1. Feed Pressure (bar): 
2. Wash Pressure (bar): 
3. Squeeze Pressure (bar): 
Filter Cake Samples: 
I. Cake I (middle of plate): 
2. Cake I (edge of plate): 
3. Cake 2(middle of plate): 
4. Cake 2 (edge of plate): 
5. Cake 3 (middle of plate): 
6. Cake 3 (edge of plate): 
7. Cake 4 (middle of plate): 
8. Cake 4 (edge of plate): 
Figure 5.11: Data collection sheet for analysis of the process scale diaphragm filter 
press. 
A number of manual readings were taken throughout an experiment. During the 
filtration and washing phases, operating time and pressure, along with filtrate volume 
were recorded at regular intervals. Wash (filtrate) samples were taken periodically via 
conductivity measurement. 
Once the batch number, batch time, date and real time had been recorded, the filter 
was prepared for testing. The required number of plates were stacked and packed, 
then locked into the assembly. Experimental procedure commenced with dispersion 
of the suspension in the feed drum. It was intended to fix certain parameters within 
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all experiments; these were feed concentration (350g r\ pH (pH4) and temperature 
(50°C), and the feed suspension preparation was carried out accordingly. Dispersion 
followed the @concentration method (see Section 5.1.3), with one 25 kg bag of Ti02 
used for each feed suspension (experiment). Elevated feed temperature was achieved 
using hot water (50°C) in which to disperse the Ti02 and the heat of mixing generated 
by the homogeniser during dispersion. To obtain pH4, the IEP of the suspension, 
hydrochloric acid was added to the suspension. 
A sample of each feed suspension was taken for analysis on the basis of solids 
concentration and particle size distribution. Throughout the experimentation period, 
feed concentrations ranged between 341.6 - 356.3 g r1; pH values between 3.7 - 4.1; 
with temperature variation of ± 3°C. Once a satisfactory mean particle size (050) had 
been obtained, measured with a Beckman DU 650I Spectrophotometer, the suspension 
was ready to be processed. 
Suspension was fed into the filter using an air driven pump at the desired pressure. 
Manual record of the pressure, along with filtrate volume and time was made 
periodically. Filtrate volume was recorded using calibrated containers; two 5 litre 
containers and one 100 litre container. A sample of the filtrate was taken once 
filtration was established whence a conductivity measurement was made. At the end 
of the filtration phase, valve configuration was changed such that wash liquor (water) 
was fed on to the filter, using the same pump. Wash liquor was supplied from a hot 
water tank with on-line temperature indication. During the wash phase, wash flow 
rate was recorded along with operating pressure. 
Throughout the washing phase samples of the permeating liquor were taken and 
analysed for sodium content via conductivity measurement. Once the sodium levels 
had reached an acceptable level or an acceptable length of time had been exhausted, 
the washing phase was terminated. At this point the cake was deliquored by inflation 
of the plate diaphragms, which squeezed the cakes. 
Correct valve configuration for cake (squeezing) deliquoring was set, and the air 
'squeezing' pressure fixed and recorded. Again throughout this phase the total filtrate 
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with respect to time was recorded at regular intervals. The deliquoring operation 
however, provided minimal data. The filtrate flow rate fell off almost immediately at 
the relatively low pressures used. Greater diaphragm (squeeze) pressure was require 
to deliquor these cakes, although this could not be realised with the equipment 
available. 
Post deJiquoring the operational part of an experiment was complete. Cake samples 
were subsequently taken from the various locations in each cake. They were taken 
and placed in correctly labelled receptacles, with appropriate cake thickness recorded 
on the data collection sheet. Residual cake was removed from the plates, which were 
then jet washed ready for the next experiment. Manufacturer operating instructions 
can be found in Appendix I. 
5.3 Conclusions 
Utilising the experimental apparatus described in Chapter 3, and the experimental 
procedures detailed in this chapter, data were accumulated at both laboratory and 
process scales. The resultant findings of the laboratory scale work, along with the 
process scale data obtained from the RVF and plate-and-frame filter, are presented in 
Chapter 6. 
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6. Experimental Results 
The following sections summarise approximately 75 laboratory and process scale 
experiments, which have been divided up into categories. Section 6.1 details the work 
carried out with the catalyst material, whilst Section 6.2 contains the results of the 
work using the Ti02• The data presented in this chapter were obtained using the 
media and suspensions described in Chapter 4, the laboratory and process scale 
apparatus presented in Chapter 3 and the procedures detailed in Chapter 5. 
6.1 Catalyst Results 
In Sections 6.1.1 and 6.1.2 the data generated at laboratory and process scale are 
respectively presented. Laboratory scale experimentation was carried out using the 
leaf filter arrangement described in Section 3.2, whilst the process scale data was 
generated using the RVF illustrated in Section 3.3.2. 
6.1.1 Laboratory Scale Experiments 
Filter cycle experiments were carried over a range of cake thicknesses (nominally 5, 
10 and 20 mm). Approximately 30 experiments were performed with the catalyst 
material, with only a representative sample shown in the section. The data sets 
presented are predominantly for the 5 mm (nominal) thick filter cakes, the appropriate 
cake thickness at which the catalyst is processed at process scale. Also some 
comparative assessment of the effects of cake thickness is made. All remaining data 
obtained from the laboratory scale catalyst work, with data sheets for all experiments 
containing experimental conditions, can be found in Appendix 4(a)(i). 
The catalyst material, assessed during the laboratory experimentation, provided data 
which supplements and supports the experiments described in Chapter 2. In terms of 
the parameters defined in Table 2.2, all experimental elements have been analysed. 
Experiments were carried out over the pressure range 0-300 kPa at the natural pH of 
the catalyst material (approx. pH8). Table 6.1 summarises the experiments, with 
additional filtration experiments defined and described in Section 6.1.1.5. 
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Table 6.1: Laboratory scale experiments performed with the catalyst material. 
Experiment Nominal Cake Filtration t.P Washing t.P DeJiquoring t.P 
No. Thickness (mm) (kPa) (kPa) (kPa) 
CLl 20 25 25 25 
CL2 20 35 35 35 
CL3 20 50 50 50 
CIA 20 70 70 70 
CL5 20 25 50 50 
CL6 20 25 70 70 
CL7 10 25 25 25 
CL8 10 35 35 35 
CL9 10 50 50 50 
CLlO 10 70 70 70 
CLl1 10 25 50 50 
CLl2 10 25 70 70 
CL 13 10 100 100 -
CLl4 10 300 300 
-
CLl5 5 25 25 25 
CLl6 5 35 35 35 
CLl7 5 50 50 50 
CLl8 20 35 - 25 
CLl9 20 35 
- 50 
CL20 20 35 
- 70 
CL21 20 35 - 100 
CL22 10 35 - 25 
CL23 10 35 
- 35 
CL24 10 35 
- 50 
CL25 5 35 
- 25 
CL26 5 35 - 35 
* CL denotes expenmentatlOn wlth the catalyst matenal (C), at laboratory scale (L). 
Independent sequences of filtrationldeliquoring experiments were also carried out at 
all cake thicknesses (experiments CLl8-26); the deliquoring characteristics are 
presented in Section 6.1.1.3. The matrix of experiments in Table 6.1 were all carried 
out at 70°C, with a feed suspended solids concentration of approximately 24w/w% 
(±3 w/w % ). The limitations of obtaining consistent feed material have previously 
been discussed in Section 5.1.3. 
6.1.1.1 Cake Formation (Filtration) Phase 
In addition to the preliminary filtration experiments presented in Section 5.1.6, filter 
cycle experiments, defined in Table 6.1, were carried out over the range of nominal 
cake thicknesses. Figures 6.1-6.2 show the experimental data obtained from the filter 
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cakes of 5 mm nominal cake thickness, for the constant pressure filtration of the 
catalyst suspensions. The expected sequential changes with increasing pressure, 25-
50 kPa, can be clearly seen on the filtrate volume vs. time and time/volume vs. 
volume plots. Corresponding graphical representation of the constant pressure 
filtration of catalyst filter cakes of 10 and 20 mm nominal cake thickness can be found 
in Appendix 4(a)(i) (Figures A4.I-A4.4). 
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Figure 6.1: Filtrate volume vs. time plots for constant pressure filtration of catalyst 
suspensions (5 mm nominal cake thickness). 
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Figure 6.2: Reciprocal flow rate vs. cummulative volume for the constant pressure 
filtration of catalyst suspensions (5 mm nominal cake thickness). 
Combining all the results from experiments CLl-26, the average specific cake 
resistance, ;, ranges from 3.72xlOlO to 4.17xlOll m kg'l, with the calculated medium 
resistance, Rm, varying between 1.92xlOll and 1.01xlOl2 m'l over the pressure range 
25 - 300 kPa. The latter values for the medium resistance can perhaps be explained 
via medium compression and particle penetration into the filter cloth, whilst the 
average specific cake resistance values increase with increasing pressure, which 
characterises the compressible nature of the catalyst material. Using Figure 6.3, a 
logarithmic plot of the average specific cake resistance vs. pressure, a compressibility 
index of 0.52 was obtained, which suggests the catalyst is moderately compressible; a 
fact confirmed by discussions with lC!. The scatter of the points is perhaps greater 
than expected and may be explained by the variability of catalyst properties during 
production, Inconsistency in feed concentration and surface chemistry (pH), observed 
during the process scale test work, could explain the scatter of these results, 
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Figure 6.3: Overall variation of average specific cake resistance with pressure for the 
catalyst suspensions used in experiments CLl-26. 
Due to this evident material variability (discussed further in Chapter 7), a number of 
experiments were highlighted, from which the empirical scale-up parameters, defined 
in eqns. (1.20) and (1.21), were also calculated. These experiments were isolated 
based on a consistent feed concentration. Processing parameters, particularly feed 
concentration and pH, have been observed to change throughout the production of a 
batch of catalyst material. Therefore these experiments were carried out using one 5 
litre container of catalyst material. Catalyst material for the laboratory scale 
experiments was collected from the process in sixty 5 litre containers, thus formatting 
data obtained using material from one container, aimed to minimise the material 
variability effects. However the scale-up parameters obtained from this sample 
material may not be truly representative of all the material processed. 
An alternative form of eqn. (1.21) based on voids ratio, rather than porosity was 
utilised [Tarleton and Hancock, 1997], the form of which is given in eqn. (6.1). 
e = eo - B1og(t1P,,) (6.1) 
where LfPc is the pressure gradient across the cake and assumed to be equal to the 
applied pressure drop, e is the average cake voids ratio and n, eo and B are empirical 
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constants detennined experimentally. Average cake voids ratio, e, is calculated from 
eqn. (6.2) using the average cake porosity, 8 . 
8 
e=-= 
1-8 
(6.2) 
The experiment (CU-CL6) selected possessed feed concentrations of 25.7w/w% 
±1.3w/w%. Table 6.2 presents a comparison of the scale-up parameters obtained for 
the overall data set and for the selected experiments. 
Table 6.2: Scale-up parameters calculated for experiments CLl-CL26 and the 
Id a1 . CL2CL6 se ecte cat clyst expenments, 
-
Experiments a., (m kg"! LW"") n eo B 
CLl-CL26 9.0xl08 0.52 2.25 0.02 
CL2-CL6 5.4x1Q8 0.59 5.45 0.36 
The two plots from which the scale-up parameters were obtained for experiments 
CL2-CL6 are shown (Figure 6.4 and 6.5) although some variability remains apparent. 
Evident from Table 6.2 is the relative similarity in the overall values of n and a;" and 
those obtained from the sample set of experiments, even in the light of the material 
variability. However the variable nature of cake porosity appears to account for the 
differences in the values of eo and S, which could be attributed to the changing surface 
properties of the material throughout manufacture. Evidence of this can be found in 
the data obtained from the process scale analysis (Appendix 4(b)(ii». Consistency in 
8 measurement is however, difficult to maintain by hand measurements; a task not 
aided by the presence of sodium nitrate in the filtrate. In the light of these findings the 
scale-up parameters obtained from experiments CLl-CL26 were used in an attempt to 
encapsulate the material variability. 
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Figure 6.4: Variation of average specific cake resistance with pressure for catalyst 
suspensions with feed concentrations of 25.7w/w% ±1.3w/w% suspended solids. 
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Figure 6.5: Variation of average cake voids ratio with pressure for catalyst 
suspensions with feed concentrations of 25.7w/w% ±1.3w/w% suspended solids. 
In Figure 6.4, n is the gradient of the line, with a;, obtained from the intercept, where 
the intercept is Lnl a;'( l-n)J. Figure 6.5 provides the values of B and eo, which are the 
gradient and the intercept of the line respectively. 
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An interesting analysis can be made to assess cake compressibility effects at different 
cake thicknesses. Figure 6.6 shows the filtration of catalyst material, in terms of 
filtrate volume vs. time, at 25 kPa for the three cake thickness values (nominally 5, 10 
and 20mm), whilst Table 6.3 provides assessment of the changeable results between 
cake thicknesses in terms of a, e and n. 
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Figure 6.6: Filtrate volume vs. time for the constant pressure (M> = 25 kPa) filtration 
of catalyst suspensions. 
Table 6.3: Ranges of experimental parameters obtained from experimentation at 
different cake thicknesses 
Cake Thickness Applied a (mkg·l) e (-) n (-) 
(mm) Pressures (kPa) 
5 25-50 3.72xlOlO -1.21x10 11 0.61-0.83 0.29 
10 25-300 9.12x101O-4.17xlOIl 0.55-0.82 0.39 
20 25-70 7.66xlOlO -l.77xlOIl 0.47-0.66 0.63 
In general a values are observed to increase with increasing cake thickness and 
decreasing e values. In line with these findings compressibility would appear to be 
greater at the higher cake thicknesses. 
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6.1.1.2 Cake Washing Phase 
Experiments CLl-CLI7 involved a cake formation phase followed by a displacement 
washing phase. Most experiments utilised the same pressure throughout the 
displacement washing phase as that for the cake formation phase (Uf = U w), 
although series of experiments (CL5-CL6 and CLII-CLl2) were carried out with a 
constant cake formation pressure (25 kPa) followed by washing at a range of pressures 
(25-70 kPa). At the commencement of a washing phase all filter cakes were fully 
saturated with the mother liquor (sodium nitrate). 
In all cases, increased pressure led to an increase in the distilled water (wash liquor) 
flow rate. After an experiment wash samples were analysed by Atomic Absorption 
(AA) using a Varian™ SpectrAA.200 from which washing curves could be 
constructed. Throughout experimentation it was shown that the thinner cakes wash 
more quickly than thicker cakes, as shown in Figure 6.7. 
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Figure 6.7: Dimensionless solute concentration (c!cQ ) vs. time for the 25 kPa washing 
of catalyst filter cakes of different cake thickness. 
Figure 6.8 shows a plot of dimensionless solute concentration (c/co) vs. time for the 5 
mm (nominal) filter cakes, with other data presented in Figures A4.5-A4.6 for 
nominal cake thicknesses of 10 and 20 mm. 
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Figure 6.S: Dimensionless solute concentration (c!co) vs. time for catalyst filter cakes 
(5 mm nominal cake thickness). 
For the thinnest cakes, higher wash liquor flow rates were evident, as can be observed 
from Table 6.4, and there appears a marked reduction in solute concentration with 
respect to time, compared with the thicker filter cakes (see Figure 6.7). However the 
form of the wash curves were not as expected and are typical of those obtained when 
washing unsaturated cakes, or when channelling is evident. 
Table 6.4: Wash liquor flow rates (m3 S·l) obtained at different washing pressures for 
catalyst filter cakes of nominal cake thicknesses of 5, 10 and 20 mm. 
4P Nomiual Cake Thickness (mm) ~~~~~--~--~ (kPa) 5 10 20 
25 5 .2SE-07 2.43E--0--7---I---~2.-48~E:---0--7-:--~ 
35 5.92E-07 2.64E-07 2.64E-07 
50 9.54E-07 5.5IE-07 3.43E-07 
70 - 6.52E-07 4.72E-07 
100 - 7.79E-07 
300 - 1.17E-06 ~----~------------~ 
At the two higher cake thickness values, senes of experiments were carried out 
utilising the same cake formation pressure (25 kPa), with subsequent washing effected 
over a range of pressures (25-70 kPa). Figures 6.9 and 6.10 represent the data 
accumulated during the 10 mm cake thickness work, with Figures A4.7 and A4.8 
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presenting the 20 mm filter cakes. In these figures, good apparatus reproducibility 
was again observed, with respect to the cake fonnation stage. The washing trends 
shown in Figures 6.9 and A4.7, follow the expected pattern, with respective gradients 
increasing with increasing wash pressure. Within the wash phase there appears to be 
some curvature in the line at the higher pressure (Figure 6.9), which could be due to 
channelling effects; an observation made from the washing of the 10 and 20 mm filter 
cakes. 
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Figure 6.9: Cumulative volume vs. time for the filtration and subsequent .. 
displacement washing of catalyst filter cakes fonned at M' = 25 kPa and washed at 
different pressures (10 mm nominal cake thickness). 
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Figure 6.10: Dimensionless solute concentration (c/co) vs. time for catalyst filter 
cakes formed at LW = 25 kPa (10 mm nominal cake thickness), 
An interesting observation is that for the constant pressure filtration/washing 
experiments, where 4P = 25 kPa for both phases, there was no apparent change in the 
gradient of the V vs. t plot over the filtration to washing phase transition, The reason 
for noting this, is that the properties of the filtrate, sodium nitrate solution, are 
somewhat different from those of water, the wash liquor, Thus, some deviation may 
have been anticipated, 
Further representations of the washing phase can be found in Figures 6,11 and A4,9-
A4.1O as plots of fractional recovery (of solute) vs. washing time, Solute recovery 
was generally observed to improve with increasing pressure, although there is again 
apparent variability in the performance of the catalyst material. In Figures A4,9 and 
A4,1O fractional recovery values significantly exceed I, which could result from 
particle movement within the compressible cake structure, resulting in channelling i.e. 
'variable' wash liquor flow rate. In Figures 6.9 and A4,7 curvature in the gradient of 
the lines during the washing phase, particularly at the washing higher pressures, 
supports this claim. The more likely explanation may result from solute hold-up 
within the associated filter cell pipe work, which may cast some doubt over certain 
results. 
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Figure 6.11: Fractional recovery vs. time for catalyst filter cakes (5 mm nominal cake 
thickness). 
6.1.1} Cake DeIiquoring Phase 
Series of experiments (CL18-CL26) were carried out to assess the deJiquoring 
characteristics of the catalyst at various cake thicknesses. Supporting data sheets are 
provided in Appendix 4(a)(i). The filtration in all cases was performed at 35 kPa (and 
70°C) with deliquoring pressures ranging from 25-100 kPa. These experiments 
describe the catalyst behaviour when a deJiquoring period follows that of cake 
formation. 
When investigating the deliquoring characteristics of a filter cake, an attempt was 
made to take sections of the cake to monitor the moisture content and its variation 
throughout the depth, as described in Section 5.1.5. Figure 6.12 presents experimental 
data for the 5 mm filter cake tests (CL25-CL26) and Figure 6.13 displays the moisture 
content (w/w) variation with cake height from medium surface (mm). 
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Figure 6.13: Deliquoring characterisation: Moisture content variation with cake 
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A critical pressure was observed with the 5 mm cakes, as 25 kPa, above which cake 
cracking was established. Any irregularity within the deliquoring plots, Figures 6.12-
6.13 and A4.l1-A4.14, was due to extensive cake cracking effects which occurred 
during the deliquoring of catalyst filter cakes. The limiting operating pressure before 
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cracking occurred for 10 mm filter cakes was found to be approximately 35 kPa whilst 
the 20 mm filter cakes cracked, when deJiquored above 50 kPa. Photographic 
evidence of the progression of cracking was collected from all series of experiments 
with pictures of 20 mm cracked filter cakes presented in Figures 6. 14-6. 16 (obtained 
from experiments CL19-CL21), showing that the extent of cracking is increased with 
increasing pressure. 
Figure 6.14: Deliquoring characterisation-Experiment CL19: Cracking effects of a 
catalyst filter cake deliquored at 50 kPa (20 mm cake thickness). 
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Figure 6.15: Deliquoring characterisation-Experiment CL20: Cracking effects of a 
catalyst filter cake deliquored at 70 kPa (20 mm cake thickness). 
Figure 6.16: Deliquoring characterisation-Experiment CL21: Cracking effects ofa 
catalyst filter cake deliquored at lOO kPa (20 mm cake thickness). 
Within the context of cake cracking, considerable cake shrinkage was observed, which 
shall be discussed further in Chapter 7. An extreme example of the extent to which 
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the catalyst filter cakes 'shrink' during deliquoring is presented in Figure 6.17, and was 
obtained from Experiment CL26. 
Figure 6.17: A deliquored catalyst filter cake shown to demonstrate cake shrinkage 
(Experiment CL26). 
6.1.1.4 Combined Filter Cycle 
The data shown in the three previous sections has, in general, been extracted from 
filter cycle experiments. To demonstrate a complete filter cycle example results are 
displayed in Figure 6.18, which shows cumulative volume of filtrate vs. time for 
constant pressure cycles with 5 mm catalyst filter cakes. The sequence of phases 
followed fiItration-washing-deliquoring with the phase changes in the data highlighted. 
Series of constant pressure cycles involving 5 mm catalyst filter cakes processed at 25-
50 kPa are presented here, with data for the constant pressure cycles for 10 and 20 mm 
filter cakes shown in Appendix 4 (Figures A4.15 and A4.17). Also presented in 
Appendix 4 is the filter cycle data obtained for the series of experiments, CL5-CL6; 
CLll-CLl2, in which the cake formation pressure was constant (25 kPa) with the 
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cakes subsequently washed and deliquored at either 25, 50 or 70 kPa (Figures A4.l6 
andA4.l8). 
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Figure 6.18: Filter cycle data for catalyst suspensions processed at various pressures 
where Mic = 25,35 or 50 kPa (5 mm nominal cake thickness). 
6.1.1.5 Additional Filtration Experiments 
Further to the downward and upward filtration experiments presented in Section 5.1.7, 
additional filtration experiments were carried out using the catalyst materia! and the 
relatively basic apparatus described in Section 3.2.2. Table 6.5 provides experimental 
detail of these tests. 
Table 6.5: Additional filtration experiments carried out at <lP = 65 kPa using the 
.a! ·hfil· rf d catalyst maten , WIt I tratlOn pe onned downwar s or upwards. 
Experiment Feed (Solids) Concentration (w/w%) pH 
CDl 28.8 7.8 
CD2 25.9 7.8 
CD3 4.2 7.8 
CD4 11.3 10 
CD5 7.3 4 
CUI 30.9 7.8 
CU2 27.4 7.8 
CU3 4.3 7.8 
CU4 10.7 10 
CU5 7.0 4 
* C denotes experimentation With the catalyst material in either downward filtratIOn mode (D) or m the 
upward filtration mode (U). 
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Additional data generated from these experiments are presented in Appendix 4 
(Figures A4.l9-A4.26) in a similar format to that shown previously, with analysis of 
the effects of feed concentration and suspension pH made for both modes of filtration. 
General trends observed from Figures A4.l9-A4.26 are that higher filtration rates are 
observed for downward filtration, with the lower concentration feed suspensions 
filtering faster for both filter configurations. As expected from Figure 4.11, 
suspensions at pH 4 filter faster than those at pH 7.8 or 10, although the results are 
less conclusive. It would be inferred that catalyst suspensions at pH 7.8 would filter 
faster than those at pH 10 because of the reduced magnitude of the s-potential. 
However, the opposite appears to be marginally, the case. Effects of feed 
concentration and pH are more apparent in the upward filtration experiments. 
Assessing these filtration tests in terms of specific cake resistance alone, does not 
necessarily provide satisfactory comparison because the suspension concentration at 
the filtering surface, in both configurations, may be different. In downward filtration, 
the concentration of suspension at the filtering surface generally increases with time, 
whereas the converse is true for upward filtration. Figure 6.19 provides data 
accumulated from experiments CD2 and CU2 to demonstrate this. 
0.0045 
i 
" ~ 0.004 
" <11 
Cl 
c 
~ 
u: 
_ 0.0035 
'" C 
.2 
~ 
E 
" 
" 15 0.003 
o 
:g 
'0 
<11 
+ 
Q Upward Filtration 
• Downward FiltratJon 
+ 
0.0025-1--_-_--_-_-_-__ -_-_-_--
o 100 200 300 400 500 600 700 BOO 900 1000 
Time (5) 
Figure 6.19: Concentration variation at the filtering surface with time, for essentially 
identical downward and upward filtration tests 
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It is therefore the product of specific cake resistance and cake concentration, a c', 
which was utilised to compare the different filtration configurations. In general, a c' 
values are higher for upward filtration, thus explaining the lower filtration rates. 
Figure 6.20 provides a direct comparison of comparable catalyst suspensions 
(±1 w/w% feed solids concentration), between downward and upward filtration in 
terms of filtrate volume with respect to time .. 
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Figure 6.20: Comparative graph of filtrate volume vs. time for otherwise identical 
upward and downward filtrations. 
A relatively shorter filtration time for the downward test may be explained by 
variation in particle size distribution throughout the depth of a filter cake. For 
downward filtration the cake will be composed of a relatively homogeneous structure, 
with some preferential migration of the coarser material to the filter medium surface 
initially, due to additional gravitational effects. In the upward direction a more 
distinct particle size distribution was evident within the cake. Finer material 
constituted the initial layers of the cake closest to the filter medium, followed by the 
coarser material tending towards the filtering surface against gravity. The initial 
higher resistance of the finer material in the cake for the upward filtration, would 
constitute a greater resistance to flow, thus explaining the apparent differences in 
Figure 6.20. 
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6.1.2 Process Scale RVF Experiments 
In order to interpret the data obtained from the operation of the process scale RVF 
described in Section 3.3.2, a number of parameters determined within the laboratory 
scale catalyst work were used to aid analysis. Due to operational limitations in 
obtaining certain desired samples and measurements, representative values for average 
specific cake resistance (1.10 x 1011 m kg-l ), cake concentration (600 kg m·3) and 
average porosity (0.6) were utilised in order to understand the data obtained. These 
representative values, obtained during the laboratory scale testing, were used to aid the 
analysis of the process scale R VF work. They were used due to the fact that only a 
(constant) filtrate flow rate could be obtained and that cake sampling during the 
filtration phase was extremely difficult to effect consistently. This was due to the 
wash liquor running over the surface of the cake, thus affecting the accuracy of any 
cake concentration and porosity measurements. All data generated during the RVF 
experimentation can be found in Appendix 4( a)(ii), with data sets 1-11 presenting the 
results of the measurements and sampling obtained from the RVF over a two week 
testing period at leI. 
Process scale RVF cycle operation is defined in terms of the cake formation phase 
(Section 6.1.2.1), the washing phase (Section 6.1.2.2) and the deliquoring phase. Due 
to the extensive nature of cake cracking effects, also encountered at laboratory scale, 
minimal data was accumulated with which to assess the deJiquoring phase of the filter 
cycle. Therefore, no direct assessment is made of the deliquoring phase of the cycle, 
although discussion of cake cracking effects can be found in Chapter 7. However, in 
terms of general plant operation, the parameters defined in Table 6.6, were assessed 
over the ranges indicated. Certain operational conditions remained essentially fixed, 
whilst others varied considerably over the testing period, due to the normal operation 
characteristics of the RVF at the ICI site. 
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Table 6.6: Summary of process scale R VF operating conditions during the test work 
'hh al '1 wit t e cat lyst matena . 
Operating Parameter Range of Operation 
Operating Vacuum (kPa) 470-560 
Speed of Rotation (rpm) 0.26-0.35 
Drum Submergence (m) 0.28-0.70 
Feed Flow Rate (m3 h· l ) 5.17-9.28 
Feed Slurry pH 6.66-8.60 
Feed Temperature (QC) 49.1-54.9 
Feed Solids Concentration (w/w%) 13.44-25.27 
Feed Mean Particle Size (/lm) 8.07-14.55 
Wash Liquor Flow Rate (m3 h· l ) 1.8-2.5 
Wash Liquor Temperature (QC) 73.3-82.5 
FiltratelW ashings Flow Rate (m3 h· l ) 5.59-8.67 
Cake Thickness (m) 0.0025-0.0070 
Essentially all the factors in Table 6.6 were critical to the performance of the filter. 
Drum submergence and speed of rotation were crucial to the filter cycle time and thus 
the time devoted to each phase, with drum submergence significant to the filtration 
phase in determining the filtration area. At the higher feed flow rates it was 
anticipated that drum submergence would have also been increased, however this does 
not appear to be the case. Critical within this scenario was the feed pH, which 
essentially determined how well the catalyst material filtered. Certain batches of 
material, and even fractions of batches, filtered very well with other constituent parts 
filtering very badly; a processing characteristic visually observed throughout the 
testing period. Material variability was therefore evident during the production of the 
catalyst, a fact supported by the variance of the feed mean particle size. Cake 
thickness was also affected by these factors. Cake thickness varied almost threefold, 
with filtrations perfonned at essentially constant vacuum throughout the testing 
period. Higher wash liquor flow rates were generally utilised for thicker cakes. 
6.1.2.1 Cake Formation (Filtration) Phase 
As stated previously, 11 sets of data were collected from RVF, defined as CPI-CPU, 
and these can be found in Appendix 4. The results fundamental to the cake fonnation 
phase of the RVF filter cycle were the time devoted to filtration, estimated from the 
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drum submergence and rotational speed, the measured filtrate volume collected within 
that time and the cake thickness, from which the mass of solids deposited was 
deduced. Table 6.7 summarises the critical data associated with the filtration 
performance of the R VF. 
Table 6.7: Process operating conditions for the filtration of catalyst material using a 
al RVF process sc e 
Data Drum Filtration Filtrate Cake Solids 
Set Submergence Time Volume Thickness Production Rate 
(m) (s) (m3) (m) (kg S·l) 
CPl 0.37 55.74 0.011 0.0030 0.095 
CP2 0.28 48.13 0.009 0.0030 0.095 
CP3 0.65 73.39 0.021 0.0040 0.130 
CP4 0.58 65.46 0.017 0.0025 0.091 
CP5 0.70 70.51 0.020 0.0045 0.164 
CP6 0.37 51.45 0.011 0.0050 0.176 
CP7 0.42 57.12 0.012 0.0050 0.176 
CP8 0.28 46.25 0.008 0.0050 0.176 
CP9 0.28 48.13 0.009 0.0070 0.246 
CPlO 0.61 54.47 0.016 0.0040 0.170 
CP11 0.61 54.19 0.015 0.0040 0.170 
• ep denotes expenmentatton with the catalyst matenal (C), at process scale (P). 
These results appear to follow the expected trends with a higher drum submergence 
yielding a longer filtration time and greater filtrate volume. The unusual results are 
the measured values for cake thickness and solids production rate, which do not 
appear to follow a distinguishable pattem. This was attributed to material variability 
during production, which directly affected filtration performance. 
6.1.2.2 Cake Washing Phase 
All experiments (CPI-CP11) involved a cake formation phase followed by a 
displacement washing phase with the results associated with the washing phase of the 
RVF cycle presented in Table 6.8. 
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Table 6.8: Process operating conditions for the washing of catalyst material using a 
process sc al RVF db' d k . e , ata 0 tame over a two wee : p~nod. 
Data Wash Liquor Wash Initial Solute Final Solute deo 
Set Flow Rate Time Cone. in Cake, eo Cone. in Cake, e (-) 
(m3 hol) (s) (2 rl) (2 rl) 
CP1 2.0 86.75 14.49 4.13 0.29 
CP2 2.0 90.92 6.56 0.36 0.05 
CP3 1.9 75.06 18.84 0.56 0.03 
CP4 2.0 68.82 13.17 0.99 0.08 
CP5 2.0 65.42 17.22 0.18 0.01 
CP6 1.8 78.08 19.32 1.45 0.08 
CP7 2.2 76.32 13.10 0.70 0.05 
CP8 2.5 81.52 21.24 1.50 0.07 
CP9 2.5 81.52 20.57 2.28 0.11 
CP10 2.2 58.24 25.52 2.41 0.09 
CPll 2.1 58.24 26.71 3.70 0.14 
Considerable variability is apparent within the wash phase from Table 6.8, with a 
greater reduction in solute concentration, at higher wash flow rates and increased 
washing times not necessarily proving to be the case. Again inconsistent operation of 
the filter and preparation of the catalyst material may be the primary cause of these 
discrepancies. Apart from data set CP1, all washing operations generally reduced 
solute levels within the cake to acceptable levels (c/co < 0.10). All tests can be 
regarded as useful stand-alone results, although as a group there is undesirable 
variability. 
6.2 Ti02 Results 
Within Sections 6.2.1 and 6.2.2 the data generated at laboratory and process scale with 
the TiOz are respectively presented. Laboratory scale experimentation was carried out 
using the leaf filter arrangement described in Section 3.2, whilst the process scale data 
was generated using the diaphragm filter press illustrated in Section 3.3.3. 
6.2.1 Laboratory Scale Experiments 
Laboratory scale filter cycle tests carried out are again categorised in terms of the cake 
formation phase (6.2.1.1), the washing phase (6.2.1.2) and the deliquoring phase 
(6.2.1.3). In Section 6.2.1.4 the combined filter cycle elements are presented. Filter 
cycle experiments were carried with cake thicknesses of approximately 15 mm, 
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although unlike the catalyst material, a reduced number of experiments were 
performed, with all results provided in the section. Any remaining data obtained from 
the laboratory scale Ti02 work, including data sheets for all experiments, can be found 
in Appendix 4(b )(i). 
The Ti02 material, assessed during the laboratory experimentation has been used to 
supplement and support the experiments, described in Chapter 2. In terms of the 
parameters defined in Table 2.3, all experimental elements have been analysed. 
Experiments were carried out over the pressure range 100-500 kPa at pH 4 and Table 
6.9 summarises the experiments performed at laboratory scale. The matrix of 
experiments in Table 6.9 were all carried out at 50°C, with a feed suspended solids 
concentration of 350 g rl. 
Table 6.9: Laboratory scale experiments performed with Ti0 2. 
Experiment Nominal Cake Filtration ,:I.P Washing,:l.P Deliquoring ,:I.P 
No. Thickness (mm) (kPa) (kPa) (kPa) 
TU 15 300 300 300 
TL2 15 400 400 400 
TL3 15 500 500 500 
TL4 15 100 - 100 
TL5 15 300 
-
300 
TL6 15 400 
- 400 
TL7 15 500 - 500 
• TL denotes experimentation with Ti02 (T), at laboratory scale (L). 
6.2.1.1 Cake Formation (Filtration) Phase 
In addition to the basic filtration experiments presented in Section 5.1.6, Figures 6.21-
6.22 show the experimental data obtained for the constant pressure filtration of Ti02 
suspensions obtained from experiments TLl-TL4. The expected sequential changes 
with increasing pressure, 100-500 kPa, can be observed. 
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Figure 6.22: Reciprocal flow rate vs. cummulative volume for the constant pressure 
filtration ofTi02 suspensions. 
Combining the results of experiments TU-TL7, the average specific cake resistance, 
~ , ranges from 4.28xlOll to 1.35xl012 m kg'\ with the calculated medium resistance, 
Rm, varying between 4.38xlO ll and 2.77xlOI2 m· l . Increasing medium resistance can 
be explained via medium compression and penetration of particles into the cloth 
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interstices. The increasing average specific cake resistance with increasing pressure, 
characterised the compressible nature of the TiOz material and using Figure 6.23, a 
compressibility index of 0.57 was obtained. This suggests that the TiOz is moderately 
compressible. 
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Figure 6.23: Overall variation of average specific cake resistance with pressure for 
Ti02 suspensions used in experiments TLl-7. 
Empirical scale-up parameters obtained using eqns. (l.20) and (6.1) are shown in 
Table 6.10. Presented are values of 00, n, eo and B, calculated for all the experiments 
and the filter cycle tests, TLl-TL3. The two plots from which the scale-up 
parameters were obtained for Experiments TLl-TL3 are shown (Figure 6.24 and 
6.25). 
Table 6.10: Scale-up parameters obtained from all experiments and for selected TiOz 
ex eriments. 
Experiments ex., (m k ·1 Llp·D) n eo B 
TLl-TL7 1.5x109 0.57 20.10 1.37 
TLl-TL3 1.1 x 1010 0.38 2.83 0.04 
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used in experiments TLl-TL3. 
A poor correlation is obtained from Figure 6.25. However, it is the intention to use 
the scale-up parameters obtained from experiments TLl-TL3, due to the excessive 
variation and changeability in filter cake porosity values obtained from experiments 
TU-TL7 (see data sheets in Appendix 4(b)(i». 
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6.2.1.2 Cake Washing Phase 
Experiments TLl-TL3 involved a cake formation phase followed by a displacement 
washing phase with the results associated with the washing phase of the filter cycle 
presented here. These experiments utilised the same pressure throughout the 
displacement washing phase as that for the cake formation phase (LlPj = LlPw). 
In all cases, increased pressure led to an increase in the wash liquor (distilled water) 
flow rate. After an experiment wash samples were analysed by conductivity 
measurement from which washing curves were constructed. Figure 6.26 shows a plot 
of dimensionless solute concentration (c/co) vs. time showing that at higher pressures 
the Ti02 filter cakes wash more quickly. 
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Figure 6.26: Dimensionless solute concentration (c/co) vs. time for Ti02 filter cakes. 
Wash liquor flow rates obtained at different washing pressures (300-500 kPa) ranged 
between 1.67xlO·7 and 2.81xlO·7 m3 S·l. It is noted that there is no change in gradient 
for the V vs. t plot which is to be expected during the transition for filtration to 
washing as the liquors are the same (see Figure 6.27). 
138 
0.001B 
O.OO~S 
0.0014 
~e 
-; 0.0012 
E 
::7 0.001 0 
> 
.. 
.:: 0.0008 
l! 
::7 E 0.000' 
::7 
U 
0.0004 
0.0002 
0 
0 1000 2000 
end of filtration 
3000 
Time (s) 
4000 
-+-300 kPa 
-<>-400 kPa 
--'-500 kPa 
5000 6000 
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kPa. 
Further assessment of the washing phase can be found in Figures 6.28, which is a plot 
of fractional recovery vs. washing time. Solute recovery is generally observed to 
increase with increasing pressure. 
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6.2.1.3 Cake Deliquoring Phase 
A series of experiments, TL4-TL 7, were carried out to assess the deliquoring 
characteristics of Ti02 filter cakes which were filtered and deliquored at 100,300,400 
and 500 kPa (at 50°C). These experiments describe the Ti02 behaviour when a 
deliquoring period followed cake formation. Figure 6.29 presents the experimental 
findings. 
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Figure 6.29: Cumulative volume vs. time for the filtration and deliquoring of Ti02 
suspensions and cakes. 
At the lowest deliquoring pressure, 100 kPa, cake cracking was established, thus no 
critical pressure at which cracking effects commenced could be defined. Photographic 
evidence of the progression of cracking provided in Figures 6.30-6.32, showing that 
the extent of cracking is increased with increasing pressure. 
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Figure 6.30: Deliquoring characterisation-Experiment TL4: Cracking effects of a Ti02 
filter cake deliquored at 100 kPa. 
Figure 6.31: Deliquoring characterisation-Experiment TL5: Cracking effects of a Ti02 
filter cake deliquored at 300 kPa. 
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Figure 6.32: Deliquoring characterisation-Experiment TL7: Cracking effects ofa Ti02 
filter cake deliquored at 500 kPa. 
6.2.1.4 Combined Filter Cycle 
The data shown in the three previous sections have, in general, been extracted from 
filter cycle experiments TLl-TL3. To demonstrate complete filter cycles example 
results are displayed in Figure 6.33, which shows cumulative volume of filtrate vs. time 
for constant pressure cycles for Ti02 filter cakes. The sequence of phases followed 
filtration-washing-deliquoring with the phase changes in the data highlighted. 
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Figure 6.33: Filter cycle data for Ti02 suspensions processed at various pressures 
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6.2.2 Process Scale Diaphragm Filter Press Experiments 
The process scale filter cycle tests carried out are analysed in tenus of the cake 
fonnation phase (6.2.2.1), washing phase (6.2.2.2) and deliquoring phase. Insufficient 
data was accumulated from the deliquoring phase from which analysis could be 
carried out, thus the deliquoring phase and combined filter cycle elements are not 
discussed within this section. The reasons for these limitations have been discussed in 
Section 5.2.2. 
Filter cycle experiments (essentially filtration/washing) were carried out with the same 
Ti O2 material used for the laboratory scale testing, with a representative sample 
shown in this section. The data sets presented are constant pressure filter cycle tests 
carried out at &'fC = 300, 400, 500 or 600 kPa (experiments TP6-9). All remaining 
data obtained from the process scale Ti 02 work, with data sheets for all experiments, 
containing experimental conditions, can be found in Appendix 4(b )(ii). Summaries of 
experiments carried out over the pressure range 300-600 kPa at pH 4 are displayed in 
Table 6.11 in which the number of filter cakes also defines the number of chambers 
within the filter press. 
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Table 6.11: Process scale experiments performed with the Ti02 material. 
Experiment No. of Filter Filtration t.P WashingAP Deliquoring t.P 
No. Cakes (0) (kPa) (kPa) (kPa) 
TPl 4 300 300 
-
TP2 4 300 300 
-
TP3 4 400 400 -
TP4 2 300 300 300 
TP5 2 300 - -
TP6 2 300 300 300 
TP7 2 500 500 500 
TP8 2 400 400 400 
TP9 2 600 600 600 
* TP denotes expenmental10n Wlth the T102 (T), at process scale (P). 
During experiments TPI-3 cloth sealing problems were encountered with substantial 
amounts of solids detected in the filtrate. Therefore, although data is provided for 
these tests, limited conclusions can be made. Once the plates had been re-clothed, 
two tests (TP4-5) were carried out to ensure good sealing and reproducibility of the 
diaphragm press. The results of these tests can be found in Figures 6.34-6.35. In 
terms of average specific cake resistance, values of 1.02xlO12 and 1.00xlO12 m kg"l 
were obtained, with comparative values of 0.79 and 0.85 yielded for cake porosity. In 
comparison with the laboratory scale tests, the values for average specific cake 
resistance are approximately 20% higher, with porosity values significantly higher 
than those obtained at laboratory scale (+ 12.5%). 
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Figure 6.35: Reciprocal flow rate vs. cumulative volume for the constant pressure 
filtration at 300 kPa of Ti02 suspensions with the diaphragm filter press. 
6.2.2.1 Cake Formation (Filtration) Phase 
O.DaS 
Figures 6.36-6.37 show the experimental data obtained from the constant pressure 
filtration of the TiOz suspensions during experiments TP6-9. The expected sequential 
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changes with increasing pressure, 300-600 kPa, can be clearly seen on the filtrate 
volume vs. time and time/volume vs. volume plots. 
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Figure 6.36: Filtrate volume vs. time plots for constant pressure filtration of Ti02 
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filtration of Ti02 suspensions with the diaphragm filter press. 
Combining the results of experiments TP6-9, the average specific cake resistance, a:, 
ranges from 9.22xlOlI to 1.43xlO12 m kg-I, with the calculated medium resistance, Rm, 
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varying between 3.62xlOll and 2.23xlO12 m·l • The increasing average specific cake 
resistance values with increasing pressure, characterised the compressible nature of 
the Ti02, whilst the variability in the values for medium resistance can be explained 
via repetitive use of the same media during the process scale testing. Plates were not 
re-clothed with new media between experiments, due to time and media availability 
constraints, although they were jet washed between tests. This was the best available 
methodology for cloth cleaning. 
The data obtained during experiments TP6-9 provides good correlation with the tests 
carried out with the same material at laboratory scale. Figure 6.38 provides a direct 
comparison, in terms of average specific cake resistance, between the two scales of 
testing. In terms of n, the compressibility index, the values obtained from the 
laboratory and process scales were 0.38 and 0.40 respectively. Table 6.12 details the 
scale-up parameters obtained from experiments TP6-TP9. 
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Table 6.12: Scale-uU~ar!!a~m:!:e::!;te~r~s.::o::::b!!till!:!:·n:!:e:::d!...;f~ro:;::m~e~x~er!.!im!!!::e::!n::::ts~T::..:Po.:6:.:-:..!T.!.P.::.9.:.. __ -, 
ex" (m kg'! i\p,n) n eo B 
l.lxl0lo 0.40 1.86 0.15 
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Comparing these parameters with those obtained for experiments TLl-TL3 (in Table 
6.10) provides excellent correlation for the values of a:, and n. Porosity variation 
between the scales of operation may account for the differing values of eo and B. 
6.2.2.2 Cake Washing Phase 
All experiments involved a cake formation phase followed by a displacement washing 
phase, which utilised the same pressure throughout the displacement washing phase as 
that for the cake formation phase. In all cases, increased pressure led to an increase in 
the wash liquor (distilled water) flow rate. After an experiment wash samples were 
analysed by conductivity measurement from which washing curves were constructed 
(see Figure 6.39). The shape of the wash curves would suggest channelling effects 
were dominant within the washing phase. 
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Figure 6.39: Dimensionless solute concentration (c/co) vs. time for Ti02 filter cakes. 
Wash liquor flow rates obtained at different washing pressures (300-600 kPa) ranged 
between 0.10-0.15 m3 h-I. Further assessment of the washing phase can be found in 
Figures 6.40 which is a plot of fractional recovery (of solute) vs_ washing time. Some 
variability in washing performance is evident in line with the fact that washing 
performance would be expected to increase with increasing pressure. Again fractional 
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recoveries of greater than· 1 were observed, and may be attributed to residual solute 
within the associated pipe work of the diaphragm press. 
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Figure 6.40: Fractional recovery vs. time for Ti02 filter cakes. 
6.3 Conclusions 
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Data obtained from experimentation with the catalyst and Ti02 material suggests that 
both materials are moderately compressible, with good correlation obtained between 
laboratory and process scales in terms of average specific cake resistances. However, 
variability in filter cake porosity appears to limit reproducibility and uniform trends 
for both materials. These results may by due to the surface properties of the materials 
which are particularly affected by suspension pH. Throughout the production of the 
catalyst material, suspension pH should remain constant for the filter cycle operation 
on the RVF (pH8.6), although has been observed to vary between pH6.7-8.6. This 
can potentially account for a change in ~-potential of approximately 40 m V (see 
Figure 4.11). The increased surface charge associated with the Ti02 may account for 
the variable cake porosities, which have been shown to increase by approximately 
12.5% from laboratory to process scale testing. Alteration of the processing pH of the 
Ti02, by pH4 ±O.3 can account for a change in ~-potential of 30mV (Figure 4.17), 
thus directly affecting the filter cake formation (porosity). 
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Within the filtration phase of the filter cycle, average specific cake resistances were 
generally higher for the Ti02, in comparable tests, due to its finer particle size 
compared with that of the catalyst material. Medium resistances were generally 
higher for the Ti02 tests, which could be attributed to the greater penetration of finer 
material into the interstices of the filter cloth. 
The washing phase of filter cycle tests with both materials exhibited general trends in 
terms of solute level reduction with respect to time, although plots of fractional 
recovery vs. time did not provide any recurrent recognisable trends. Increasing the 
washing pressure led, in all cases, to an increased wash liquor flow rate and thus 
increased reduction in solute concentration within the filter cake. For the tests at 
different cake thicknesses with the catalyst material, thinner cakes were observed to 
wash more quickly than the thicker cakes. Distortion of the fractional recovery plots, 
and values of fractional recovery exceeding 1, were attributed to particle 
rearrangement that may have taken place within the washing phase and solute hold-up 
in associated pipe work of the filters used, respectively. 
Deliquoring characteristics of the catalyst and Ti02 were dominated by cake cracking 
effects. Limiting pressures, with respect to cake thicknesses, were identified before the 
onset of cracking for all results. Due to these effects limited useful data was 
accumulated from this phase of the filter cycle. 
In conclusion the experimental apparatus used at both process and laboratory scale 
(Chapter 3) and procedures defined in Chapter 5, have enabled experimentation to 
proceed from which the filtration, washing and deliquoring performance of the 
catalyst and Ti02 have been analysed successfully. 
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7. Discussion and Modelling 
7.1 Basis for Modelling 
Modelling work comprised two stages for the catalyst and TiOz, namely laboratory 
and process scale modelling. The following text aims to outline the underlying 
principals involved in the modelling, at both scales, of the filtration, washing and 
deliquoring phases of the filter cycle. A number of models are available in literature 
for all phases of the filter cycle, some of which have been described in Chapter 1. 
Models used within this research were chosen on the basis of ease of use and 
computation, and that they have previously been successfully shown to achieve the 
desired conceptual analysis [Tarleton and Hancock, 1997; Wakeman and Tarleton, 
1999]. 
7.1.1 Cake Formation (Filtration) 
A mathematical model has been developed and utilised for the cake formation phase 
based on eqns. (7.4)-(7.6): All laboratory scale experiments were modelled using 
these equations. In essence the simulation is based on conventional (classical) 
. filtration theory which attempts to take into effect cake compressibility. Filtration 
equations are described in detail in Chapter 1, with design equations developed from 
the general filtration equation (eqn. (7.1)). 
dt = IXflC' V + JiRm 
dV A2 /lP AM 
(7.1) 
Using eqns. (7.2) and (7.3) the empirical scale-up constants n, a;" B, and eo> were 
determined. 
(7.2) 
e = eo - Blog(MJ (7.3) 
Thus, the equations for filtration time, tt, cake thickness, L, and mass of solids in the 
cake, Mc, could be evaluated: 
t = IXflps V2 + JiRm V 
f -P f AM! 
2A 2 /lP(l- s(1 + e(-))) 
(7.4) 
Ps 
l5t 
L = Vj (l+e) 
p 1 -A{_S (--1) - e} 
p s 
Mc =AL~s 
l+e 
(7.5) 
(7.6) 
In modelling the performance of the process scale filters modification of eqns. (7.4)-
(7.6) was required due primarily to the operational geometry of the filters. Sections 
7.1.1.1 and 7.1.1.2 outline the governing equations for the RVF and diaphragm filter 
press respectively. 
7.1.1.1 Modifications for RVF 
As is apparent from Figure 1.18, the drum submergence and speed of rotation 
determine the extent of the filtration phase for an RVF. The drum rotates through an 
agitated feed bosch, into which feed suspension is introduced. Vacuum applied to the 
inside of the drum draws the suspension onto the filtering surface forming a filter 
cake, whilst the filtrate is drawn into the drum internals, throughout the submerged 
region of the drum. 
Equations for filtrate volume, Vt, cake thickness, L and mass of solids in the cake, Mc, 
are developed from the general filtration equation, taking into account that the fraction 
of the drum available for filtration, I/Jt, which is related to filtration time by: 
CPf=tfO} (7.7) 
where co is the drum angular velocity and the area available for filtration, At, can be 
calculated by: 
(7.8) 
where d is the drum diameter and WD is the drum width. 
Filtrate volume, cake thickness and the rate of solids deposited can therefore be 
calculated by eqns. (7.9), (7.10) and (7.11) respectively. 
Vj = A~ [_ ~ + (~)2 + 2c'CPj I'>Pj J 
c ex ex OJj.lex (7.9) 
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(7.10) 
(7.11) 
7.1.1.2 Modifications for Diaphragm Filter Press 
Typical operation and schematic representation of a diaphragm filter press can be 
found in Section 1.2.4.2. During the filtration phase of the filter cycle suspension was 
pumped into the press chambers, in which filter cakes were formed on both sides of 
the chamber until they met in the middle. 
The operational mode of the diaphragm press utilised within the research affected 
filtration at constant pressure. For this reason eqns. (7.4)-(7.6) were utilised to model 
the filtration phase. Alternative equations for operation of these filters can be found 
in Wakeman and Tarleton [1999], who discuss filtration in terms of a primary and 
secondary stage. Primary filtration is established during the filling of the press 
chambers until the cakes formed on both sides of a chamber meet. Secondary 
filtration proceeds using the inflatable diaphragms inside certain frames, which, at 
constant pressure, convert the suspension within the frames to filter cakes. As 
highlighted in Section 1.2.4.2 diaphragms are located in every other plate in a filter 
press, separated by washing plates, although these were not used during this work. 
7.1.2 Cake Washing 
The washing phase was based on the dispersion model, which utilises the following 
expressions for wash time and cumulative wash volume. 
wRLej1(apsL+Rm (l+e» wRL 
=-- (7.12) 
!!J'(1+e)2 v 
v: wRLAe -AL w _ =WR£ (7.13) 
1+e 
where WR is the wash ratio and v is the pore velocity, defined by eqn. (7.16). 
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Displacement washing, the washing technique used within the research, has been 
described with the principal equations defined in Section 1.2.2.1. With knowledge of 
the suspension properties, an established calculation methodology was employed to 
obtain the critical parameter within the model, the Dispersion number, Do, defined as: 
vL L D Dn =-=Re.Sc.--
DL x DL 
(7.14) 
where DL is the axial dispersion coefficient, D is the molecular diffusion coefficient 
and x is the mean particle diameter. The Peclet number, Pe, is the product of the 
Reynolds number, Re, and the Schmidt number, Se, which can also be expressed in 
vx 
terms of generally known parameters as Re .Se = -. 
D 
Therefore in order to calculatl! Dn, the superficial wash liquor velocity, u, and pore 
velocity, v, are required, which are calculated from eqns. (7.15) and (7.16) 
respectively. 
u=-~--~---
,uw[ap s (1- e)L + Rm] 
(7.15) 
u 
v = = (7.16) 
e 
As described in Section 1.2.2.1, calculation of DL is carried out via either eqn. (1.35) 
D 
or (1.36), dependent on the cake thickness. Upon calculation, Do can be obtained 
from eqn. (7.14). As stated previously an alternative form of eqn. (7.14) is available 
for dispersion number calculation for RVF's and is provided (eqn. (1.38»). 
Design charts relating dimensionless solute concentration (c/eo) and fractional 
recovery, P, to wash ratio are available and have been used to estimate wash liquor 
volumes and washing times [Wakeman and Tarleton, 1999], using appropriate 
dispersion numbers. Figure 1.9 illustrates the influence of dispersion number on the 
relationship between dirnensionless solute concentration and wash ratio. Figure 7.1 
presents the integration of the corresponding curves in Figure 1.9, to describe the 
variation of fractional recovery (or fraction of solute removed from the cake) with 
wash ratio and dispersion number. 
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Figure 7.1: The variation of the fraction of solute removed from a saturated filter cake 
with wash ratio and dispersion number [Wakeman and Tarleton, 1999]. 
7.1.3 Cake Deliquoring 
For the deliquoring phase, modelling was hampered by the dominating presence of 
cake cracking in the experiments. A model, attributed to primarily to Wakeman 
[Wakeman and Tarleton, 1990(b)] was utilised where possible; the principal equations 
being: 
- -l1eL2psa(1-S~)( 1 l-S )-b 
td = _ -x 3 
M'CI+e)2 bz S-S~ 
(7.17) 
Vd = ALe(I~S) (7.18) 
l+e 
where S is the cake saturation, S~ is the irreducible saturation and bz and b3 are 
empirical constants. 
The model for the deliquoring phase of the filter cycle is based on empirical and 
theoretical equations, details of which can be found in Section 1.2.3. Critical terms 
inherent within the model are the reduced saturation, SR, the threshold pressure, Ph, 
and the irreducible saturation, S~. They are defined by eqns. (1.43), (1.41) and (1.42) 
respectively. 
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7.2 Catalyst Modelling 
Modelling of the catalyst was carried out using the theory outlined in Section 7.1 in 
order to simulate the separation of the material at both laboratory and process scale. 
Section 7.2.1 aims to compare the laboratory scale filtration data, described in Section 
6.1.1, with that obtained from the theoretical simulations. In Section 7.2.2 similar 
comparison is made between the process scale washing data presented in Section 6.1.2 
and theoretical predictions. 
7.2.1 Laboratory Scale Modelling 
In a similar manner to the format of Chapter 6, the phases of the filter cycle are 
discussed in sequence. Within these sections direct comparison is made between the 
laboratory scale catalyst experimental data and theoretical predictions. 
7.2.1.1 Cake Formation (Filtration) Phase 
The critical comparative parameters for the filtration phase of the filter cycle are the 
filtration time, tj, the filtrate volume, Vt, the cake thickness, L. and the mass of solids 
deposited, Mc. Initial graphical comparisons between experimental data and 
theoretical prediction can be found in Figures 7.2 and 7.3. Figure 7.2 represents a 
series of filtration experiments of catalyst filter cakes with nominal 5 mm cake 
thickness, whilst Figure 7.3 provides comparison between different cake thicknesses. 
Representation can be found in Appendix 5, Figures A5.1-A5.4, for the 10 mm and 20 
mm filter cakes. 
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Figure 7.2: Comparison between theoretical prediction and experimental data of 
filtrate volume vs. time for the constant pressure filtration of catalyst suspensions 
(5= nominal cake thickness). 
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Figure 7.3: Comparison between theoretical prediction and experimental data of 
filtrate volume vs. time for the constant pressure filtration of catalyst suspensions. 
Within these figures it can be observed that the model underestimates the filtration 
volume in almost all cases. For all laboratory scale catalyst experiments, CLl-CL26, 
predictive data can be found in Table 7.1 for the filtration phase, from which 
comparison with experimental data can be made. 
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Table 7.1: Comparative theoretical and experimental data for the constant pressure 
fiI . f al " CLl CL26 1 tratlOn 0 cat liyst suspensIOns In experiments -
Exp. Experimental Data Predicted Data 
No. t, (8) V, (m3) Mc (kg) te (8) Vc (m') Mc (kg) 
CLl 2160 4.88E-4 0.362 1545 3.26E-4 0.362 
CL2 2080 5.83E-4 0.316 1389 4.33E-4 0.316 
CL3 1800 5.52E-4 0.349 1611 4.64E-4 0.349 
CL4 1640 5.63E-4 0.322 1104 4.47E-4 0.322 
CL5 2140 4.54E-4 0.336 2015 4.09E-4 0.336 
CL6 2080 4.89E-4 0.316 1672 4.42E-4 0.316 
CL7 980 3.15E-4 0.134 497 2.36E-4 0.134 
CL8 960 2.62E-4 0.139 517 1.81E-4 0.139 
CL9 500 2.86E-4 0.158 506 2.75E-4 0.158 
CLlO 500 3.42E-4 0.134 405 3.14E-4 0.134 
CLl1 1080 3.12E-4 0.133 570 2.55E-4 0.133 
CLl2 760 3.16E-4 0.122 575 3.16E-4 0.122 
CL 13 340 3.39E-4 0.131 284 2.71E-4 0.131 
CLl4 260 3.48E-4 0.125 182 2.98E-4 0.125 
CLl5 220 0.77E-4 0.090 133 0.38E-4 0.090 
CLl6 200 0.99E-4 0.074 179 0.80E-4 0.074 
CLl7 80 1.60E-4 0.069 112 1.47E-4 0.069 
CLl8 1860 5.96E-4 0.326 990 3.23E-4 0.326 
CLl9 1760 6.04E-4 0.287 1543 5.75E-4 0.287 
CL20 1860 5.29E-4 0.299 1672 5.51E-4 0.299 
CL21 1860 6.49E-4 0.321 1648 5.92E-4 0.321 
CL22 660 3.26E-4 0.150 816 3.93E-4 0.150 
CL23 760 3.44E-4 0.120 596 3.6lE-4 0.120 
CL24 680 3.27E-4 0.125 793 4.0lE-4 0.125 
CL25 200 1.l7E-4 0.069 320 l.78E-4 0.069 
CL26 260 1.45E-4 0.069 286 l.77E-4 0.069 
Excellent correlation between predicted and experimental values of filtrate volume 
were obtained, although generally there appears to be an underestimation of the filtrate 
volume by the model. The variable nature of the cake porosities obtained from the 
laboratory scale experiments, from which the scale-up parameters were calculated, 
may account for such effects (see Figure 6.5). Identical solid deposition values can be 
observed in Table 7.1, due to the fact that the total solid mass was used as a basis in 
the calculations. Measured cake thicknesses were generally obtained after subsequent 
washing and/or deliquoring phases and have been found to not truly represent the 
actual cake thickness at the end of the filtration phase, therefore no comparison could 
be made. 
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Significant cake shrinkage was observed after deliquoring of the catalyst filter cakes, 
with photographic evidence of cake shrinkage effects shown in Figure 6.17. To assess 
deliquoring (shrinkage) effects, two experiments (CL13 and CLl4) were carried out in 
which the filter cakes were not deliquored and thus representative cake thicknesses 
were obtained. Almost identical values of predicted and measured cake thickness 
were obtained for experiments CLl3 and CLl4, with experimental values of 12 mm 
and 11 mm measured respectively, compared with the predicted values of 12.1 and 
11.5 mm. 
Critical assessment of these results can be made with respect to previous works. The 
excellent predictions of filtrate volume and cake thickness (obtained from experiments 
CLl3 and CLl4), support the findings of Tarleton and Hancock [1997], and add 
weight to the accuracy of the mathematical model. Prediction utilised the empirical 
constants £LO, n, eo and B, provided in Table 6.2, and simulation to this degree of 
accuracy has rarely been achieved previously. 
7.2.1.2 Cake Washing Phase 
Theoretical prediction of the washing phase of the filter cycle was based on the 
dispersion theory described in Section 7.1.2, which facilitates the calculation of 
dispersion number. A selection of the results are presented, with the remainder 
referred to and shown in Appendix 5. Primarily, Table 7.2 characterises those 
experiments with a wash phase, CLl-CLl7, in terms of their associated dispersion 
numbers. 
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Table 7.2: Characteristic dispersion numbers for the washing phases of experiments 
CLl-CLl7 
Experiment Wash Nominal Cake Calculated 
Pressure Thickness Dispersion 
(kPa) (mm) Number (-) 
CLl 25 20 126.04 
CL2 35 20 108.85 
CL3 50 20 106.39 
CL4 70 20 109.18 
CL5 50 20 119.81 
CL6 70 20 116.48 
CL7 25 10 51.13 
CL8 35 10 60.67 
CL9 50 10 47.31 
CLlO 70 10 39.64 
CLl1 50 10 50.40 
CLl2 70 10 37.52 
CLl3 100 10 49.41 
CLl4 300 10 44.46 
CLl5 25 5 42.76 
CLl6 35 5 35.29 
CLl7 50 5 23.54 
As expected from egn. (7.14) dispersion number increases with increasing cake 
thickness. In terms of any patterns observed with regard to washing pressure and 
dispersion number, minimal correlation was found. Provided in Table 7.3 are the 
predicted relative wash liquor flow rates obtained at the various operating pressures 
and nominal cake thicknesses. In comparison with the experimental values presented 
in Table 6.4, wash flow rates of approximately an order of magnitude greater are 
predicted via the model. Thus, an overestimation of wash liquor flaw rate is generally 
counter balanced by an underestimation of washing time within the model, compared 
with the experimental data. 
Predicted wash liquor flow rates generally decrease with increasing cake thickness, as 
expected, following a similar trend to that observed within the experimental data. 
Also wash liquor flow rate increases with increasing pressure. 
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Table 7.3: Predicted wash liquor flow rates (m3 S·l) obtained at different washing 
pressures for catalyst filter cakes of nominal cake thicknesses of S, 10 and 20 mm 
(corn ared with Table 6.4). 
~P Nominal Cake Thickness (mm) 
(kPa) 5 10 20 
2S 2A1E-06 2.97E-06 L23E-06 
3S 3.60E-06 2.S1E-06 L74E-06 
SO 8. llE-06 3.43E-06 L71E-06 
70 4.84E-06 2.3IE-06 
100 S.93E-06 
300 L03E-OS 
In Figures 7.4, AS.S and AS.6 the data generated from the experiments which utilised 
the same pressure throughout the washing phase as that for the filtration phase, are 
compared with theoretical prediction in terms of dimensionless solute concentration 
vs. time. 
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Figure 7.4: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (clco) vs. time for catalyst filter cakes (S mm 
nominal cake thickness). 
Limited success can be attributed to the model within these figures, attributed to 
channelling effects within the wash phase, although reasonable correlation is obtained 
at the higher washing pressures for the S mm and 10 mm filter cakes. In general, 
calculated dispersion numbers obtained from the model are too high for the 
experimental washing data. Characteristic washing curves with dispersion numbers of 
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approximately I-S would generally follow similar trends to those obtained from the 
laboratory scale catalyst experiments. Similar arguments can be assigned to the 
experiments in which the filter cakes were formed at constant pressure (L'.P = 2S kPa) 
and washed at different pressures (see Figures AS.7-AS.8). 
Assessment of fractional recovery with respect to washing time can be found in 
Figures 7.5, AS.9 and AS.10. Reasonable correlation was obtained for the S mm filter 
cakes, although the variable nature of the experimental data for the 10 mm and 20 mm 
filter cakes restricts any comparison with theoretical prediction to made confidently. 
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Figure 7.S: Comparison between theoretical prediction and experimental data of 
fractional recovery vs. time for catalyst filter cakes (S mm nominal cake thickness). 
7.2.1.3 Cake DeJiquoring Phase 
A dominant feature within the deliquoring phase experimental data generated for the 
catalyst filter cycle experiments was the phenomenon of cake cracking. Essentially 
these cracking effects rendered the theoretical model ineffective. However, it is the 
intention to show the results of the modelling data, compared with the data from 
experiments CL18-26, although little correlation was anticipated and is subsequently 
presented. Figure 7.6 presents the experimental and predicted data for the S mm filter 
cake tests (CL2S-CL26), with the 10 mm and 20 mm data presented in Figures AS.l! 
and AS.12 respectively. 
162 
0.0002 
0.00018 
0.00016 
.r 
..§. 0.00014 
<I> § 0.00012 
"0 
> 
<I> 
0.0001 
> ~ 0.00008 
" E
::J 0.00006 
0 
0.00004 
0.00002 
0 
0 200 400 
dellquored at • 25kPa deliquoring 
o 35kPa deliquoring 
Theory 
600 soo 1000 
Time (s) 
1200 1400 
Figure 7.6: Comparison between theoretical prediction and experimental data of 
cumulative volume vs. time for the filtration and deliquoring of catalyst suspensions 
and cakes (S mm nominal cake thickness). 
As can be observed within these figures, the predicted filtrate volume during 
deliquoring deviates from the experimental data. Cake cracking, which may explain 
the deviation, occurs when an incompressible liquid in the pores of a filter cake is 
replaced by a compressible gas. Gas-liquid interfaces are established within the pores 
and induce additional interparticle stresses, the magnitude of which depends largely 
on the saturation of the cake. The distribution of interfaces manifest themselves as 
cracks, and as demonstrated here, sometimes accompanied by cake shrinkage. 
An over prediction of filtrate displaced from the filter cake was in most cases, 
observed. Due to the cake cracking effects, the deliquoring gas (air) may 
preferentially passes through the cracks leaving residual filtrate within the filter cake, 
whereas in the ideal model, non-cracking case, the liquor would be displaced ideally 
by the gas. In Figure AS.12 however, for the 20 mm filter cakes, the experimental 
filtrate volume data values exceeds those of the predictive data. Due to the greater 
resistance to gas flow of the thicker filter cakes, increased air flow rates are required 
to maintain the constant pressure deliquoring. Once the cakes crack, the increase gas 
flow rate though the cake has been observed to affect the electronic balance readings. 
Thus, an increased weight was recorded although a proportion of this may have been 
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due to the force of the gas applying pressure on the electronic balance, which 
subsequently recorded an increased filtrate volume. This should be detectable from 
excessive transients in the experimental data. 
Another factor, which may deter accurate modelling of the deliquoring of these 
catalyst filter cakes, may be cake shrinkage. Filter cakes of the catalyst material have 
been found to potentially reduce their thickness by almost half during deliquoring. 
Comments made previously, with regard to experiments CL13 and CLl4, have been 
shown to prove that cake shrinkage occurred during the deliquoring of the catalyst 
filter cakes. 
7.2.1.4 Combined Filter Cycle 
As can be observed from the previous sections, the laboratory scale prediction of the 
filter cycle performance of the catalyst material has achieved relative success. To 
provide diagrammatic evidence of a complete filter cycle (filtration, washing and 
deliquoring) would only serve as repetition to the findings already described. 
In summary for the filtration phase the model generally underestimates the filtrate 
volume although respectable correlation was obtained. For tests (CLl3 and CLl4) 
which purely involved a filtration phase, with no subsequent phases, accurate cake 
thickness predictions were obtained. 
The dispersion model utilised for the washing phase provided some useful predictive 
data, although wash liquor flow rates were generally an order of magnitude greater 
than those observed within' the laboratory scale experiments. An associated 
underestimate of washing time was commonly representative of the predictive data. 
Correlation with the experimental data in terms of fractional recovery was restricted 
due to the limitations of the experimental data, caused potentially by solute hold up 
within associated pipe work of the experimental apparatus. The model confirmed the 
general trends expected, with dispersion number observed to increase with cake 
thickness. Overall, dispersion numbers obtained from the model were higher than 
those which may better portray the experimental data. 
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It was concluded that the extent to which the models attributed to the filtration and 
washing phases of the filter cycle was distinctly limited. For the filtration phase 
acceptable deviation between experimental and predicted data was obtained, although 
unacceptable variance was obtained during the modelling of the washing phase. The 
inconsistent nature of the cake porosities obtained within the experimental laboratory 
tests may have contributed to any variance because it was these porosity values from 
which the scale up constants, B and eo, were calculated. Greater consistency within 
the manufacture of the catalyst material may minimise the extent to which cake 
formation and the subsequent washing provide variable data, which in essence was 
almost impossible to predict. 
Deliquoring of the catalyst filter cakes by gas displacement was an ineffectual method 
of removing residual liquor from these cakes. Extensive cake cracking was observed 
with all cake thicknesses, which rendered modelling of the deliquoring phase 
ineffectual. A more suitable methodology of deliquoring these catalyst filter cakes 
may involve compression deliquoring (see Section 1.2.3.2). In comparison with the 
previous works of Tarleton, with Hancock [1997] and Wakeman [1999], minimal 
assessment can be made of the deliquoring phase. Cake cracking was not a prevalent 
factor within these studies. 
7.2.2 Process Scale RVF Modelling 
As stated previously in Section 6.1.2, interpretation of the process scale catalyst data 
was aided by the use of three experimentally determined values without which 
analysis of the RVF data could not have be carried out. Representative values for 
average specific cake resistance (1.10 x 1011 m kg,I), cake concentration (600 kg m,3) 
and average porosity (0.6) were utilised. 
7.2.2.1 Cake Formation (Filtration) Phase 
The basis of the RVF filtration model has been outlined in Section 7.1.1.1 and Table 
7.4 allows direct comparison between the experimental data and the predictive data 
obtained using eqns. (7.6)-(7.8). 
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Table 7.4: Comparative theoretical and experimental data for the process scale 
fI . fait " CPl CPll 1 tratlOn 0 c t ~ys suspenSlOns 10 expenments -
Data Drum Experimental Data Predicted Data 
Set Submergence Vf L Mc,t Vf L Mc,t 
(m) (m3) (mm) (kg 5.1) (m3) (mm) (kg 5.1) 
CPl 0.37 0.011 3.0 0.095 0.011 3.7 0.046 
CP2 0.28 0.009 3.0 0.095 0.009 3.5 0.038 
CP3 0.65 0.021 4.0 0.130 0.021 5.3 0.090 
CP4 0.58 0.017 2.5 0.091 0.016 4.3 0.078 
CP5 0.70 0.020 4.5 0.164 0.020 4.7 0.094 
CP6 0.37 0.011 5.0 0.176 0.011 3.7 0.050 
CP7 0.42 0.012 5.0 0.176 0.012 3.6 0.053 
CP8 0.28 0.008 5.0 0.176 0.008 3.0 0.035 
CP9 0.28 0.009 7.0 0.246 0.008 3.2 0.038 
CPlO 0.61 0.016 4.0 0.170 0.016 4.1 0.089 
CP11 0.61 0.015 4.0 0.170 0.015 3.9 0.084 
Within Table 7.4 excellent correlation can be found with regard to filtrate volumes. 
Almost identical filtrate volumes were predicted compared with those obtained 
experimentally in all cases. Experimental values for rate of solid deposition are 
greater than those predicted from eqn. (7.8). These experimental values assumed 
unifonn cake thickness throughout the filtration phase whereas in practise cake 
thickness may be variable during the submerged region of the drum rotation. The 
catalyst filter cake is likely to be growing as the drum travels through the feed bosch, 
thus the cake thicknesses measured at the end of the filtration phase during the 
experiments, could be regarded as maximum values, within this context. Continuing 
this argument it would therefore be anticipated that predicted cake thicknesses would 
be less than those measured experimentally at the end of the filtration phase i.e. 
maximum thickness. However this does not appear to be the case for data sets CPl-
CP5. 
No feasible conclusions can be drawn with regard to the cake thickness values of data 
sets CP1-CP5, although throughout the testing period solid deposition was observed 
to vary between different batches of catalyst material. Visual observation was made 
of the fact that some batches filtered faster than others were, with increased cake 
thickness and thus deposition, when operating conditions were essentially identical. 
Data sets CPI-CP5 were obtained from batch numbers I and 4, whilst CP6-CP11 
analysed the processing of batches 5 and 8. Inference could be made that material 
processed in batches I and 4 may have had reduced pick-up on the filter drum. 
7.2.2.2 Cake Washing Phase 
Using the theory described in Section 7.1.2, characteristic dispersion numbers were 
calculated for experiments CPI-CP11. A modified dispersion number has been 
proposed for washing on RVF's by Wakeman and is calculated using eqn. (1.38) and 
(1.36). The results of the calculation methodology are presented in Table 7.5. 
Table 7.5: Characteristic dispersion numbers for the washing phases of experiments 
CPI CPll -
Data Set Calculated Corrected 
Dispersion Dispersion 
Nurnber(-) Number (-) 
CPI 3.75 2.29 
CP2 6.60 3.05 
CP3 8.61 3.41 
CP4 4.63 2.57 
CP5 8.46 3.38 
CP6 8.01 3.31 
CP7 7.52 3.22 
CP8 8.04 3.31 
CP9 11.45 3.79 
CPIO 7.85 3.28 
CPl1 7.78 3.27 
Within the context of the variable nature of the experimental data obtained from data 
sets CPI-CPl1, modelling of the RVF catalyst washing phase also provided variable 
success. Table 7.6 present the data accumulated from the modelling exercise, 
compared with the experimental data. In general predicted wash liquor flow rates 
were less than half the values used within the process scale operation of the filter; a 
fact supported by the reality of the wash water running down the side of the drum. 
For final dimensionless solute concentrations of 0.05 - 0.14 reasonable estimation of 
washing times were obtained, generally estimation within 10 s of the actual washing 
time was predicted. However, above and below these values washing times were 
under and over predicted, respectively, by a considerable margin. 
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Table 7.6: Comparative theoretical and experimental data for the process scale 
h' f I fl ak' was mg 0 catalyst 1 ter c es m experiments CP l-CP 11. 
Data E;g>erimental Data Predicted Data 
Set Qw tw cJco Qw tw cJco 
(m3 h·t ) (5) (0) (m3 h-1) (5) (0) 
CPl 2.00 86.75 0.29 0.96 37.19 0.28 
CP2 2.00 90.92 0.05 1.09 77.11 0.05 
CP3 1.90 75.06 0.03 0.90 140.25 0.03 
CP4 2.00 68.82 0.08 1.00 78.85 0.08 
CP5 2.00 65.42 om 0.78 204.16 0.01 
CP6 1.80 78.08 0.08 0.86 77.43 0.08 
CP7 2.20 76.32 0.05 0.78 102.75 0.05 
CP8 2.50 81.52 0.07 0.82 73.05 0.07 
CP9 2.50 81.52 0.11 0.77 72.71 0.10 
CPIO 2.20 58.24 0.09 0.92 70.99 0.09 
CP11 2.10 58.24 0.14 0.85 61.19 0.14 
In terms of Wakeman's modified dispersion number, reasonable correlation between 
scales of operation was obtained in terms of dimensionless solute concentration and 
washing time, thus supporting the relationship between laboratory dispersion number 
and the corrected values for the process scale provided by eqn. (1.38). In an attempt 
to provide improved correlation between laboratory and RVF process scale washing 
data, the only directly comparable laboratory scale data point, provided from 
experiment CL17 during which similar operating conditions existed, was used. 
Experiment CL17 provided a characteristic dispersion number of 23.5, which ideally 
should map onto the values presented in Table 7.5. Taking an averaged value from 
Table 7.5 of Do = 3.17 (±O.41), eqn. (1.38) can be modified to the form of (7.16), 
although reluctance must be attributed because it is based on an isolated data point. 
(~~ J = 0.5 ~0.85In( ~~) (7.16) 
Figure 7.7 presents the accumulated laboratory scale data and those associated values 
calculated by Wakeman's predictive equation. The single data point represents RVF 
data, compared with a laboratory scale value obtained under almost identical operating 
conditions. A hashed line represents eqn. (7.16), the proposed correction factor to the 
existing model, suggesting that Wakeman's model overpredicts RVF dispersion 
numbers, as was observed throughout the catalyst experiments. 
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laboratory dispersion number and the corrected value to be used in the estimation of 
washing behaviour on RVF's. 
7.3 Ti02 Modelling 
7.3.1 Laboratory Scale Modelling 
Within the following sections direct comparison is made between the laboratory scale 
Ti02 experimental data and the theoretical predictions obtained using eqns. (7.1)-
(7.3). 
7.3.1.1 Cake Formation (Filtration) Phase 
Again the critical comparative parameters for the filtration phase are tj, Vj and L. 
Using the scale-up parameters provided in Table 6.10, graphical comparison between 
experimental data and theoretical prediction can be found in Figures 7.8 and 7.9, for 
the filter cycle experimental data sets TLl-TL3. 
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Within these figures it can be observed that the model successfully predicts both the 
filtration time and filtrate volume in all cases. For the laboratory scale Ti02 
-------------------------
experiments, TLl-TL7, predictive data can be found in Table 7.7 for the filtration 
phase, from which comparison with experimental data can be made. 
Table 7.7: Comparative theoretical and experimental data for the constant pressure 
fil . f 350 r 1 TO .. . TU TL7 1 tratlOn 0 g 1 2 suspensIOns In expenments 
-
Exp. Experimental Data Predicted Data 
No. tf (s) Vf (m3) tf (s) Vdm3) 
TU 2580 8.0SE-04 2584 7.S6E-04 
TL2 2320 8.06E-04 2178 7.86E-04 
TL3 1900 8.10E-04 1856 7.87E-04 
TL4 3680 6. 19E-04 5656 7.S4E-04 
TL5 3680 8.03E-04 2384 7.86E-04 
TL6 2600 7.64E-04 2416 7.86E-04 
TL7 1920 8.00E-04 1837 7.S7E-04 
Experiments TLl-TL3, from which the scale-up parameters were calculated, are 
predicted very well in tenns of filtration time and filtrate volume. As with the catalyst 
experiments, filter cakes fonned in experiments TLl-TL7 were subjected to 
deliquoring, thus no clirect comparison in tenns of cake thickness could be carried out. 
Unfortunately no experiments were carried out to assess shrinkage effects for the 
Ti02. 
The experimental data generated from TL4 and TL5 provided unusual numbers, not 
inkeeping with the remainder of the -data sets. Therefore it was unsurprising that 
prediction of these experiments was unsuccessful. As TLl-TL3, data sets TL6 and 
TL 7 are successfully predicted in tenns of filtration time and filtrate volume. 
The relatively successful prediction of the filtration phase of the Ti02 experiments, 
compared with that for the catalyst experiments may have been aided by the more 
consistent nature and unifonnity of the material used. For all experiments, the Ti02 
material emanated from the same processed batch of material. During the test work 
consistent particle size distribution data was obtained for all experiments to support 
the claim. The narrow size distribution of the TiOz also aided modelling due to the 
fact that the mean particle size, used in the predictive equations, would have been 
representative of the suspensions. With the catalyst material, a wide particle size 
distribution spanning approximately 0.005 -250 ~m was observed, with a mean (dso) 
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particle size for the laboratory scale experiments designated as 6 f.ll11. Whether the dso 
value was truly representative of the catalyst suspensions could be debated, and could 
be the subject of further work. 
7.3.1.2 Cake Washing Phase 
The dispersion numbers obtained for the laboratory scale Ti02 experiments were 
considerably higher than those for the laboratory scale catalyst tests. Using higher 
pressures produced an increase in superficial wash liquor velocity within the Ti02 
filter cakes, thus higher pore velocities led to dispersion numbers in the region of 300 
(see Table 7.8). These Ti02 filter cakes were approximately 15 mm thick, and 
compared with those catalyst filter cakes of a similar thickness, have dispersion 
numbers of 6-10 times greater. Theory follows that the higher the dispersion number 
the closer to ideality the washing becomes. 
Table 7.8: Characteristic dispersion numbers for the washing phases of experiments 
TLl-TL3 
Experiment Wash Pressure Dispersion 
(kPa) Number(-) 
TLl 300 279.91 
TL2 400 301.47 
TL3 500 320.19 
The shape of the predicted washing curves in Figure 7.10 show the effect of increased 
dispersion number, although dispersion numbers of over an order of magnitude less 
may have been more representative of the experimental data. Again channelling and 
even.reslurrying effects from the application of the wash liquor may account for these 
effects. However, in terms of final washing times there is excellent correlation 
although the initial and intermediate phases of the washing are misrepresented by the 
theoretical predictions. 
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Figure 7.10: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/co) vs. time for Ti02 filter cakes. 
In conjunction with Figure 7.10, experimental and predicted wash liquor flow rates 
are provided in Table 7.9. Lower flow rates were predicted which could account for 
the differences between the theoretical and experimental data during the initial and 
intennediate stages of the washing curves. 
Table 7.9: Experimental and predicted wash liquor flow rates (m3 S·I) obtained for 
Ti02 filter cakes. 
Data 
Set 
TLl 
TL2 
TL3 
Experimental Data 
Qw (m3 {l) 
1.67E-07 
2.44E-07 
2.SIE-07 
Predicted Data 
Qw (m3 s·l ) 
1.51E-07 
1.73E-07 
2.10E-07 
Again the same conclusion can be drawn with regard to estimation of fractional 
recoveries and graphical representation is provided in Figure 7.11. 
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fractional recovery vs. time for Ti02 filter cakes. 
7.3.1.3 Cake Deliquoring Phase 
DeJiquoring characteristics of Ti02 filter cakes have been analysed over the pressure 
range 100 - 500 kPa. The modelling results of experiments TIA-TL7 are compared 
with experimental data in Figure 7.12, which provides comparisons in terms of 
cumulative volume vs. time. Again cake cracking was evident in almost all cases 
which may account for any inaccuracy in the modelling. 
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cumulative volume vs. time for the filtration and deJiquoring of TiOz suspensions and 
filter cakes. 
Practically all deliquored filter cakes represented in Figures 6.30-6.32 were cracked, 
although surprisingly in Figure 7.12 there appears reasonable overlay of the predictive 
and experimental data, during the deJiquoring phase. 
7.3.1.4 Combined Filter Cycle 
With reasonable correlation between theoretical prediction and experimental data 
particularly for the filtration phase of the filter cycle, Figure 7.13 has been constructed 
to represent the data obtained from and predicted for experiments TLI-TL3. 
Reiterating previous conclusions, excellent prediction is apparent for the filtration 
phase, followed by an underestimation in all cases of the wash liquor flow rate. 
Deliquoring analysis was adequate although essentially hindered by cake cracking 
effects, which, as with the catalyst material, proved that for TiOz filter cakes, gas 
displacement was an ineffectual method of removing residual Jiquor from these cakes. 
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7.3.2 Process Scale Diaphragm Filter Press Modelling 
7.3.2.1 Cake Formation (Filtration) Phase 
The basis of the diaphragm filter press model follows that outlined in Section 7.1.1 
and Table 7.10 allows direct comparison between the experimental data and the 
predictive data. Scale-up constants used to predict the diaphragm press performance 
can be found in Table 6.12. 
Table 7.10: Comparative theoretical and experimental data for the process scale 
filtration 0 fT i02 suspensions in experiments TP4-TP9. 
Data Filtration Experimental Data Predictive Data 
Set Pressure tc L Vc tc L Vc 
(kPa) (s) (mm) (m3) (s) (mm) (m3) 
TP4 300 3667 ID.O 0.040 2214 10.8 0.038 
TP5 300 2820 10.0 0.034 2010 ID.2 0.036 
TP6 300 2956 10.0 0.039 2283 10.0 0.035 
TP7 500 3002 12.5 0.040 2348 12.7 0.044 
TP8 400 2756 12.5 0.040 2985 12.8 0.046 
TP9 600 1814 12.5 0.040 2046 12.3 0.044 
Within Table 7.10 it should be noted that experimental values of cake thickness are 
half the values quoted in Appendix 4. The cake thicknesses quoted on the data sheets 
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in Appendix 4 are for the two cakes formed within each frame on the two filtering 
surfaces. Following on from this good correlation was obtained between the predicted 
and experimental values for cake thickness; similarly the model provided reasonable 
estimation of filtrate volumes and filtration times. Representation of these results can 
be found in Figures 7.14. 
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Figure 7.14: Comparison between theoretical prediction and experimental data of 
filtrate volume vs. time for the constant pressure filtration of Ti02 suspensions using a 
diaphragm filter press. 
7.3.2.2 Cake Washing Phase 
No correction factors are presently available for diaphragm filter presses, thus 
dispersion numbers were calculated using the methodology described for the 
laboratory scale experiments. Table 7.11 presents the characteristic dispersion 
numbers of those process scale Ti02 experiments which contained a washing phase 
(TP6-TP9). 
Table 7.11: Characteristic dispersion numbers for the washing phases of experiments 
TP6 TP9 -
Experiment Wash Pressure Dispersion 
(kPa) Number(-) 
TL6 300 220.23 
TP7 500 262.86 
TP8 400 254.04 
TP9 600 286.44 
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Using these dispersion numbers the following Figures (7.15 and 7.16) have been 
generated to describe the process scale washing behaviour of Ti02 in terms of 
dimensionless solute concentration and fractional recovery. Washing times, in all 
cases are underestimated, and again the predictive dispersion numbers do not 
satisfactorily represent the experimental data. The experimental data would be better 
described by dispersion numbers of approximately two orders of magnitude less; even 
then the overlay of prediction and experiments remains limited (see Figure 7.15). 
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Figure 7.15: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/co) vs. time for TiOz filter cakes washed on a 
diaphragm filter press. 
Mass balance problems are encountered within the. experimental data shown in Figure 
7.16. Solute hold-up in associated pipe work to the diaphragm press the likely cause, 
thus limiting the validity of these results. 
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An initial assessment was made in order to correlate laboratory scale and process scale 
dispersion numbers. Figures 7.17 graphically presents the data provided in Tables 7.8 
and 7.11 
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For the generated data set obtained from the laboratory and process scale experiments, 
it can be observed that a correction factor was required, which can be seen in Figure 
7.17, where the data points lie below the line. 
7.4 Discussion 
The following sections aim to analyse the current work both experimentally and 
theoretically within the context of the research and with regard to previous works 
carried out within the field of scale-up methodologies in solid-liquid separation. 
7.4.1 Experimental and Model Validation 
Experimental validation of the laboratory scale apparatus, described in Section 5.1, 
was carried out successfully proving that reliable and reproducible data can be 
obtained. The apparatus utilised, removed operator interference which has been 
thought to decrease confidence in the reliability of data generated at laboratory and 
process scale. Certain inconsistency in data generation has led to the use of heuristics 
within the modelling of solidlliquid separation processes, along with the use of 
average values inherent in many predictive methodologies. 
Chapter 6 presents the data generated from both the laboratory and process scale 
experimentation, which generally show expected trends for all phases of the filter 
cycle, over designated pressure ranges, supporting the fact that all experimental 
apparatus utilised incorporated an acceptable degree of reliability. Some variability is 
observed within the washing phases of the filter cycle experiments, particularly in 
terms of fractional recoveries, although it was felt that solute hold-up within 
associated pipe work may be the cause; a factor that would be almost impossible to 
eliminate. The nature of the washing curves obtained in almost all experiments 
suggested that channelling effects were evident, along with some cake reslurrying 
during the application of wash liquor in the laboratory scale experiments. As this 
would imply, predicted dispersion numbers were somewhat greater than those that 
would have described the actual experimental data. Any inconsistencies observed 
within the deliquoring phase of experimentation was substantially due to the 
behaviour of the catalyst material and Ti02 when subjected to air displacement 
deliquoring. Cake cracking effects dominated this phase of the filter cycle, a factor 
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which could only have been eliminated using a different deJiquoring mechanism, such 
as expression. 
Greater consistency throughout experimentation was observed with the Ti02, although 
the material used was found to be relatively uniform, compared with the variability 
encountered with the catalyst material. Ti02 used throughout the research emanated 
from the same manufacturing batch and possessed a narrow well defined particle size 
distribution. Catalyst material used throughout both scales of processing came from 
five discrete batches, within the production of which material variability was visually 
observed and recorded. In this context less apparent trends were expected which was 
subsequently proven to be the case. 
For the filtration of the catalyst and Ti02, the parameter of the average cake porosity 
was found to generate uncontrollable fluctuation, which may have been due to surface 
chemistry effects. The variable behaviour of the catalyst and the high surface charge 
of the Ti02 would certainly have affected the porosity. Average cake porosity is of 
paramount importance to the modelling of such systems, thus experimental validity 
was reduced due to these fluctuations. The other major critical parameter involved 
within the cake formation phase is the average specific cake resistance. Both average 
values depend on the filter cake structure, which is subsequently determined by the 
characteristics of the suspensions utilised. Suspension characterisation was 
determined in Chapter 4, although suspension susceptibility and changeability to 
factors such as surface chemistry was difficult to quantify and make allowance for. 
Both materials were found to be moderately compressible, which in turn IIleans that 
they possessed an increasing specific cake resistance from the cake/suspension 
interface to the filtering medium. Immediately the concept of average specific cake 
resistance is questionable, thus the unordered manner in which compressible cakes 
form may account for any anomalies within the trends of the experimental data 
presented. Modelling of compressible systems, and subsequent successful modelling, 
therefore required a constantly changing parameter during the cake formation, 
complicating the theoretical prediction process. 
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Cake formation and properties determined how a filter cake would wash andlor 
deliquor. Variability encountered during the filtration phase served to limit 
applicability and consistency of washing and deliquoring data. 
Use of these average values of specific cake resistance and porosity, when both 
material displayed degrees of compressibility, was therefore certain to restrict the 
extent to which existing models would successfully predict the behaviour of these 
materials. However for the catalyst material this was generally found not to be the 
case. For both the laboratory and process scale (RVF) filtration performance of the 
catalyst, reasonable correlation was obtained using the working equations defined in 
Section 7.1. The filtration phase of the Ti02 tests also provided good association 
between the experimental and theoretical data. Utilisation of the well defined and 
more consistent material may have aided the modelling process. 
Modelling of the washing phase of the filter cycle did not generally provide good 
comparison with the experimental data obtained at both scales of operation. In most 
cases the dispersion number, the critical parameter within the model, was found to be 
too high leading to the conclusion that in this case, adjustment may be necessary to 
account for scale and the various filtration equipment utilised in the research. 
Theoretical prediction of the deliquoring phase in all cases was unsuccessful. 
Applicability and reliability of the model cannot be assessed within this context 
however, due to the dominating cake cracking effects encountered with both 
materials, at both scales and almost all working pressures. Other models, which take 
into account cake cracking, have not been assessed in the context of the research. 
Assessment of the comparison between experimental and theoretical data within this 
chapter demonstrates the fact that reasonable correlation for the cake formation phase 
of the filter cycle was obtainable, although minimal success was achieved for the 
washing and deliquoring phases. Differences between experiment and theory can be 
attributed to the inconsistent particulate structure of the compressible cakes formed 
and the inability of theory to account for them. The scale-up constants used within the 
theory therefore possess inherent limitations because they were determined from the 
experiments themselves. However the relative success in predicting the filtration 
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phase suggests that filtration performance can be successfully predicted if the scale-up 
constants are accurately detennined. Overall, uncertainty must be attributed as to 
whether the theory has proved to be accurate or not. 
7.4.2 Comparison with Previous Works and Scale-Up Implications 
Modelling of the filter cycle was initiated by Carman [1938], after which numerous 
investigator have produced techniques for the selection of solid-liquid separation 
equipment, leading to the development of computer based expert systems, such as pC_ 
SELECT [Tarleton and Wakeman, 1991]. Equipment selection within these 
methodologies, is usually based on preliminary sedimentation and filtration tests 
which are then ranked either in terms of a characterising parameters [Purchas and 
Wakeman, 1986] or numerical indices which may be related to operational 
parameters. Others utilised logic diagrams [Tiller, 1974], whilst independently 
developed computer based expert systems, such as pc -SELECT, are available. Within 
this context no definitive system has been developed due to the almost impossibility 
of automating a decision making process, which requires the operator use of a solid-
liquid separation technologist. In comparison the approach adopted within this work 
aimed to address these concerns. 
Testing of solid-liquid separation equipment has also received extensive attention, 
although no standard approach has been universally adopted. Associated scale-up 
procedures have almost been devoid of attention, which is alarming due to the fact 
that so many processes, within all facets of industry, involve some kind of solid-liquid 
separation stage. Different equipment suppliers and companies have developed 
independent methodologies, which often incorporate a heristical approach, details of 
which are commonly retained within company infra-structure. Purchas and Wakernan 
[1986] collated knowledge within this field and presented a comprehensive basis from 
which rigorous selection may proceed. The differing approaches have often served to 
confuse equipment selection, although the development of interactive compnter based 
expert systems, to commercial standards, has aided the process. A heuristical 
approach requires expert experience, a scenario that the current research does not 
utilise. 
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Equipment specific filter cycle modelling procedures using inherent scale-up 
methodologies have been developed, with RVP's receiving particular attention 
[Wakeman, 1979(b), 1981(d); Shirato et al., 1987; Stahl and Nicolaou, 1990]. 
Substantial work within the field of filter cycle simulation has been carried out by 
Wakeman and Tarleton [Wakeman and Tarleton, 1990(a), 1994; Tarleton and 
Wakeman, 1994; Tarleton and Hancock, 1997]. It is the models of Wakeman and 
Tarleton which have been utilised within the modelling of the catalyst and Ti02 
experimentation. These models can generally be regarded as the most robust of those 
currently available. Table 7.10 provides an overview of the computer software 
attributed to these authors. 
Table 7.12: Computer software attributable to Tarleton and Wakeman for equipment 
selection, experimental data analysis and filter cycle simulation [adapted from 
Wakeman and Tarleton 1999] , 
Application of Outline Description 
Software 
Solid-liquid separation Basic analysis of filtration and sedimentation experiments. 
equipment selection Expert systems approach to produce a ranked (short) list of 
(pC-SELECT) equipment potentially suited to a given duty. 
Evaluation of scale-up More rigorous and consistent analysis of experimental data 
constants for filtration to detennine scale-up parameters for cake formation (e.g. 
and expression specific resistance andporosity) and eXPIession. 
Simulation of vacuum Simulation of batch filter cycles involving constant 
and pressure Nutsche pressure/vacuum cake formation and sequences of 
filters deliquoring and displacement washing. 
Simulation of plate and Simulation of batch filter cycles involving constant 
frame and diaphragm pressure, constant flow and/or variable pressure/variable 
filter presses. flow cake formations followed by any number of sequential 
consolidation (expression), deJiquoring and displacement 
washing phases. 
Simulation of the Simulation of continuous filter cycles involving constant 
horizontal belt filter, vacuum cake formation and sequential of deliquoring and 
rotary drum filter and displacement washing phases. 
rotary/tilting pan filters, 
respectively 
Filter cycle simulations fundamentally require sound and well proven calculation 
methodologies. The models used for this work are widely accepted and thus their use 
is applicable. Definition of the design equations is provided in Chapter 1 and Section 
7.1. They easily facilitate the calculation of essential parameters such as cake 
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resistance and porosity, from which scale-up constants can be obtained via sequences 
of filtration tests. The use of these constants could however, be eliminated if 
microscopic properties of suspensions and filter cakes could be related to the bulk 
behaviour of systems, although in reality is unachievable at present. Tarleton and 
W akeman' s simulations allow filter sizing, scale-up and optimisation without the use 
of heuristics and it is for these reasons that their models have been used within the 
scope of the project. 
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8. Conclusions and Recommendations 
8.1 Conclusions 
• Within this thesis two industrial materials were processed at laboratory and 
process scale in an attempt to evaluate filter cycle performance and scale-up 
methodologies. All associated experimental apparatus has been shown to provide 
consistent and reliable data for the two (moderately) compressible materials. 
Accurate assessment was made of the filtration, displacement washing and 
displacement deliquoring of the catalyst and Ti02, providing results which 
generally followed trends anticipated from exiting theories. However, limitations 
were encountered due to operational parameters during the washing phase. 
• Validation of the automatically controlled laboratory scale apparatus aided the 
mathematical modelling of the filter cycle phases, providing accurate 
experimentation throughout the research whilst removing the variable of operator 
intervention. Essentially it was anticipated that it would provide data from which 
precise scale-up methodologies for R VF' s and diaphragm filter presses could be 
generated. 
• Correlation between experiment and theory was however, limited. Using the 
scale-up parameters, n, ~, B and eo, to predict the filtration phase, reasonable 
measures of specific cake resistance were provided, although the variable nature of 
cake structure directly affected the values of B and eo, which in turn limited 
prediction of cake thickness and porosity. Generally though, the prediction of the 
filtration phase, for both materials, was considered satisfactory. However, any 
ineffective prediction of filtration performance subsequently affected the 
modelling of the washing and deJiquoring phases. Greater definition of cake 
structure may eliminate the use of these constants if microscopic properties of 
suspensions and filter cakes could be related to the bulk behaviour of systems. 
Once an accepted universal approach is adopted, which could consistently predict 
the filtration performance of a wide range of materials, washing and deliquoring, 
and subsequently filter cycle, performance could be estimated colJectively. 
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8.2 Recommendations 
• Scale-up methodologies within the field of solid-liquid separation technology 
require greater investigation and it is surprising to date, that so little work has been 
carried out in an area, which could have such beneficial effects. Operational and 
financial gain to the processor could be gained if more accurate scale-up 
methodologies were in existence. The inconsistent nature of the catalyst material 
limited modelling applicability, although the well defined Ti02 suspensions 
provided improved correlation between experiment and theory. To further 
validate the effects of process parameters on scale-up, the use of technology such 
as mechatronics may provide a greater understanding of cake structure [Hancock, 
1998]. Within the context of this work, comparison with other available models 
may be beyond the scope of the programme. However comparative work may be 
within the scope of future work, which may eventually lead to a more accurate 
estimate of process scale filter performance from laboratory scale tests. 
• Ideally intermediate pilot scale testing with both suspensions would have allowed 
further investigation of the influence of scale on filtration to be validated, although 
it would be anticipated that the effects of scale might decrease with increasing 
filter size. Investigation of intermediate filter sizes could be anticipated as future 
work, along with investigation of a· wider variety of industrially utilised filters. 
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Nomenclature 
Symbol Definition Units 
al, a2 constants 
A filtration area m2 
B constant (empirically derived) 
C instantaneous concentration of solute in wash effluent k ·3 gm 
from the cake 
c' effective concentration of solids in the feed kgm·3 
ratio of the cake thickness, L to the filtrate volume, V ·3 CL mm 
Co concentration of solute in liquid in the cake at the start kgm·3 
of washing 
cw solute concentration in the wash liquor kgm·3 
d RVF drum diameter m 
D molecular diffusivity of solute 2 ·1 m s 
DL axial dispersion coefficient m2 S·I 
Dn Dispersion number 
e primary electronic charge or cake voids ratio (-) C 
e average cake voids ratio 
eo cake voids ratio at unit applied pressure 
F fractional solute removal 
g acceleration due to gravity ms ·2 
k permeability, or Boltzman constant (1.38xlO·23 J °KI) m2 
km medium permeability m2 
L filter cake thickness m 
Lm filter medium thickness m 
m ratio of the mass of wet cake to the mass of dry cake 
Me mass of solids in the filter cake kg 
Mc., rate of solids deposited in the filter cake kg S·I 
n compressibility index 
no concentration of electrolyte ions in the bulk solution molm3 
P applied filtration pressure Pa 
PI liquid pressure at the cake-medium interface Pa 
P' filter cycle productivity kg S·I 
Pb deliquoring breakthrough pressure Pa 
PL local hydraulic pressure at distance x through the cake Pa 
Ps solids compressive pressure Pa 
L'.P pressure difference Pa 
L'.Pe pressure drop across the cake Pa 
Pe Pec1et number 
q superficial filtrate velocity m S·I 
Q volumetric flow rate 3 ·1 m s 
R fraction of solute remaining in the cake % 
Re Reynolds number 
Rm filter medium resistance m·1 
s mass fraction of solids in the feed suspension 
Se average mass fraction of solids in the cake 
S average cake saturation 
Sc Schmidt number 
* t 
T 
U 
Ua 
-. 
Ua 
Ut 
V 
V 
W 
WD 
WR 
X 
x 
z 
reduced saturation 
irreducible saturation 
time 
dimensionless time 
temperature 
superficial velocity of wash liquor 
design air rate 
dimensionless corrected air flow 
Stokes settling velocity 
pore velocity of a fluid 
filtrate volume 
total mass of dry cake solids per unit area 
RVF drum width 
wash ratio 
distance 
particle size 
the charge number of the electrolyte ions 
specific resistance of a filter cake 
specific resistance at unit applied pressure 
constant (empirically derived) 
thickness of interfacial layer 
cake porosity, volume of voids per unit volume of filter 
cake, or dielectric constant of solution (in Section 1.4) 
cake porosity at unit applied pressure, or perrnitivity of 
free space 
fraction ofRVF drum 
reciprocal electrical double layer thickness 
constant (empirically derived) 
viscosity of the liquid in the feed or filtrate 
density of the liquid in the feed or filtrate 
surface tension 
surface charge 
surface charge at the Stern layer 
surface charge at the diffuse layer 
surface potential 
electrical potential at the Stern layer 
disperse phase 
dispersion medium 
angular velocity 
zeta potential 
Subscripts/Superscripts 
s 
m 
m 
m 
- or F m,l 
Pa s 
kg m,3 
N m,l 
C m,2 
C m,2 
C m,2 
V 
V 
fe filter cycle w 
f filtration d 
washing 
deliquoring 
solid 
dw 
e 
downtime 
consolidation 
a aIr 
Overbar denotes an average value, 
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Appendix 1: 
Process Scale Filter 
Documentation 
(a) Rotary Vacuum Filter 
(b) Diaphragm Filter Press 
~~~~~~~~~~~~~~~~----, 
(a) RVF Specification 
Schematic representation of the 
. filter and connections to associated 
equipment 
Feed bosch dimensions 
Filtrate / washings receiver 
, 
I 
I 
Feed Bosch Dimensions 
The feed bosch contained the catalyst suspension, in which the rotary vacuum filter drum 
was submerged to a required depth. Figure ALl gives an indication of the physical 
orientation of the bosch. 
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Figure ALl: RVF feed bosch dimensions 
The total volume within the top section of the bosch is 3.14m3; thus a 0.01 m increase in 
liquid level is equivalent to an increase in volume of 0.045 m3. 
Feed suspension flow rate to the RVF was estimated by measuring a height increase 
within the bosch, once general operation of the RVF had been ceased (see Section 5.2.1). 
However, when estimating the feed flow rate into the bosch, the filter drum occupied a 
certain volume within the bosch. Therefore this was subtracted from the total equivalent 
volume associated with any measured height increase. Geometric rules were applied to 
calculate the volume ofliquid (bosch volume) displaced by the drum (of width 1.22 m), 
dependent upon its submergence level. Drum submergence was measured manually 
during an experiment. 
Filtrate I Washings Receiver Dimensions 
Figure Al.2 gives an indication of the physical dimensions of the receiver. Filtrate and 
washings combined flow rate was estimated by incremental height increase within the 
receiver, allowing the volume to increase by 10%, within a measured time. A level 
indicator associated with the receiver displayed the percentage increase, which was 
measured once the pump, that periodically emptied the receiver, was isolated. For a 10% 
increase in the receiver level, approximately 0.084 m3 of combined filtrate and washings 
had been collected. 
--- -- 0.13 m 
0.87 m 1.68 
0.15 m 
END VIEW 0.87 m 
SIDE VIEW 
Figure Al.2: Filtrate I washings receiver dimensions 
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(b) Diaphragm Press 
Specification 
Schematic representation of the 
filter and connections 
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PREFACE • 
The information contained in this manual has been carefully compiled to cover both the installation 
and maintenance of your machine. Longevity and freedom from breakdown can only be 
expected if the instructions contained herein are followed carefully. 
Edwards & lones Umited machines are built to a very high standard of quality to conform to BS 5750 
Pt. 1 and before leaving the factory each piece of apparatus is assembled, dry run and adjusted 
by our own specialist engineers to give optimum satisfaction. 
Qients taking delivery of new machines may have them commissioned, and be instructed in their use. 
But, you are advised to ensure that prior to the first press operation your operatives read the detailed 
information contained in this manual in order to obtain an understanding of all controls and 
instruments as fitted. 
• 
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SECTION 1 - INTRODUCTION 
I 
I 
I 
I 
INTRODUCTION • 
It is important to read these instructions before operating the filter press, and it is essential that 
maintenance and lubrication operations called for are carried out at the correct times, Only 
recommended lubricants and hydraulic fluids must be used. 
The purposes of this manual are to instruct plant personnel in the efficient operation of the filter press 
and its associated equipment, and to assist engineers in routine maintenance and general fault finding. 
The life and reliability of the equipment will depend to a large extent upon the care and attention it 
receives from the outset, therefore providing the instructions and advice contained in this manual are 
carefully followed, this filter press will give many years of trouble free service. 
• 
SECTION 2 - SPEOFICATION DATA 
2.1. Filter Press Frame 
2.2. Filter Plates 
2.3. Filter Cloths 
2.4. Capacities 
2.5. Finish 
SPECIFICATION DATA 
2.1. FILTER PRESS FRAME 
Number of Press 
Type of Plate 
Filter Press Size 
Operating Pressure 
Cake Thickness 
No. of Chambers 
Press Volume 
Filtration Area 
Press Plate Support 
Plate Movement 
Press Operation 
OosingGear 
Control of Press Oosing 
2.2. FILTER PLATES 
Material 
Type 
Plate Outside Size 
Drainage 
Connection Plate 
Handles 
Feed Position 
Back Washing Facility 
Air Blowing Facility 
• 
2309 
Alternate Recess/Membrane 
Polypropylene 
500mmSq 
15 BAR 
40mm before Squeeze 
12 
O.06324m2 
3.84m2 
Side Bar 
Manual 
Manual Hydraulic 
Hydraulic Cylinder 
Hand Hydraulic Pump 
Polypropylene 
Alternate Membrane!Recess 
470mmSq 
Internal 4 Corner 
Polypropylene 
Polypropylene (all solid, hygienic) 
Centre 
Yes 
Yes 
Core Blow 
Air Inlet to all Plate 
2.3. FILTER CLoms 
Face Cloth Material 
Ooth Fixing 
2.4. CAP AOTIES 
Hydraulic Power Pack 
2.5. FINISH 
No • 
Bottom right when viewed from 
hydraulic end. 
Polypropylene 
Pegs and ties 
4.5.Litre 
Mild steel parts are shotblasted to S.A 2.5 primed with metal 
conditioner and painted with two coats of two pack epoxy. 
Colour E & J Blue BS 18.E.51. 
SECTION 3 - GENERAL DESCRIPTIONS 
3.1 Filter Press Frame 
3.2 Opening/Closing System 
3.3 Membrane Filter Plates 
3.4 Filter Cloths 
3.5 Feed Tube Connection Plate Assembly 
- - - - ----------------------------------------
GENERAL DESCRIPTIONS - MAJOR COMPONENTS • 
3.1. FILTER PRESS FRAME 
The press basically consists of a fixed end and a crossbar assembly joined together by two 
sidebars. A travelling end is supported on and between the sidebars by means of rollers. 
The cross nut assembly houses the hydraulic cylinder and closing ram. The rear of the moving 
end is machined to take the nose of the ram when extended. 
The whole unit is supported at each end by two legs. 
3.2. OPENING/CLOSING SYSTEM 
The closing unit filted to the crossbar assembly, comprises an hydraulic ram activated by an 
hydraulic hand pump with a separate screw and hand nut for locking the system. 
To open the filter press the locking nut is released and a tension spring withdraws the cylinder 
returning the oil back to the oil reservoir. 
An extension ram is also included to allow adequate clearance for cake discharge and filter 
cloth changing. 
3.3. MEMBRANE FILTER PLATES 
The plates are manufactured from polypropylene. 
The air diaphragm drainage surface has raised cylindrical pips to allow efficient flow of 
filtrate from the chamber, and the membrane air port is positioned in the centre of the 
top edge of each plate. 
Filtrate is taken away via the four corner internal ports which when the pack is closed forms a 
pipework system leading through the end casting. 
The plates are supported in the press by their integral handles resting on the top of the press 
side bars. These handles in turn, are used to manually separate the plates to 
allow the discharge of the filter cake. 
3.4. FILTER CLOTHS 
The material is Polypropylene. 
Eyelets are positioned to correspond with location pegs fitted along the top of the plates and 
also down each side for fastening tage ther with the cloth ties provided. 
3.5. FEED TUBE CONNECTION PLATE ASSEMBLY 
A special non-recessed connection plate is situated between the fixed end casting and the fixed 
end half plate. The corner ports and feed hole of this connection plate are suitably adapted to 
take the feed tube and port tube assemblies. 
SECTION 4 - INSTALlATION NOTES • 
4.1. Press Frame 
4.2. Power Pack 
4.3. Filter Plates 
4.4. Filter Cloths 
4.5. Pipework 
INSTALLATION NOTES 
4.1. PRESS FRAME DELIVERED FULLY ASSEMBLED 
Assuming the press foundations have been accurately and adequately prepared and that they 
properly conform to the Edwards & Jones Limited foundation drawing, the assembled 
filter press maybe lifted and settled onto its foundations. 
Lifting may be by either a substantial fork lift or by the use of a suitably rated crane. 
Allowing in either case a reasonable safety margin against the stated weight of the assembled 
press as shown on the press general arrangement drawing accompanying this manual. 
Prior to lifting remove all filter plates, and wear strips if fitted. 
Extreme care must be exercised in lifting and manoeuvring the press to ensure that no damage 
is sustained, it is recommended that straps are wrapped around the press, stout wooden 
battens being placed between the press and the straps. 
An initial lift of a few inches should be made to ensure that the balance and correct attachment 
of straps has been achieved before attempting the 'full lift' . 
Remember the press skeleton frame assembly must remain parallel to the horizontal when 
being lifted and located on its foundations. If desired, a lifting harness for the assembled press 
can be used. 
WARNING: it is important to check that the press is levelled correctly during installation. 
a) By using a machine spirit level check that the sidebars are level longitudinally at 
each end and in the centre. 
b) Using the spirit level and a straight edgecheck across the sidebars to ensure that they 
are level with each other. Check at each end and in the centre. 
c) Check that the diagonals inside the press frame are equal. 
The press should now be bolted to its foundations. Re-"heck levels after secming all 
foundation and assembly bolts. 
CAUTION: do not install filter plates in the press frame until all foundation bolts are pulled 
down hard. 
4.2. POWER PACK 
Check: 
a) Tightness of securing bolts. 
b) Ensure hydraulic hoses are not damaged and that couplings are tight. 
c) Oil level in reservoir. 
4.3. FTLTER PLATES 
Suspend the plates in press as shown in Fig. 1 starting at the feed end. 
1. Fit the feed end half plate with its smooth face against the feed end connection plate. 
2. Fit the intermediate plate pack. 
In fitting these plates care must be taken to ensure that the filtration holes in the top 
and bottom recess of each plate is diagonally opposite to the previous plate fitted 
starting with the feed end half plate. 
3. Fit the travelling end half plate. Making sure that the plain face of this plate is 
towards the metal moving end. 
4. Fit the blanking plate. 
4.4. FILTER CLOTHS. 
A face cloth is provided for each filter plate within the press and is made with a fine weave in 
order to retain the smallest solid particles being fed into the press. 
Figs 2-4 show the method of fitting and fastening the filter cloths to the plates. 
DOUBLE FACE CLOTH • 
Shows gathering of the face cloth prior to its insertion through the feed hole of 
an individual plate. 
The face cloth must be pulled through the feed hole and opened up on either side 
of the press plate. It is important to line up the feed hole and filtrate drainage 
port apertures in the cloth and the press plate. 
Shows the single face cloth used on the fixed end half plate. It must be laid 
against the raised pip face of the plate, and suspended by the eyelets hooked over 
the pegs in the top edge of the plate. 
Shows the method of securing the double face cloths to the pegs in the top edge 
of each plate and the fastening together of their edges. 
Ties are inserted through the small eyelets on the sides of the cloth, these are 
then pulled tight bringing the edges of the cloth together and 
securing the cloth to the plate. 
CARE must be taken when tightening the ties, the correct method is to hold the 
'tail' of the tie and push down on the 'head'. 
If the 'tail' is pulled, this may result in damage to the eyelet. 
4.5. PIPEWORK (supplied by others) 
Connect up pipework to:-
I-off Feed Inlet Flange 
I-off Filtrate/Cake Wash/Air Blow Outlet 
I-off Membrane Air inlet Flange 
l-off Membrane Air Outlet Flange • 
l-off Simple Wash Inlet Flange 
l-off Thorough Wash Inlet 
l-off Air Blow Inlet 
l-off Pressure Relief Outlet Flange 
SECTION 5 - FILTER PRF--SS 
OPERATING PROCEDURE 
5.l. Qosing the Filter Press 
5.2. Filtration Cycle 
5.3. Cake Washing/Air Drying 
5.4. Opening the Press 
5.5. Cake Discharge 
• 
NB: Before operating your filter press ensure that you are fully acquainted with the 
contents of this manual and that you have carried out all the necessary checks. 
FIL1ER PRESS OPERATING PROCEDURE • 
5.1. CLOSING THE FILTER PRESS 
1) Stack the plates squarely at the feed end of the press by moving them individually 
towards the press end plate. Check that there are no obstructions or creases on 
the cloth sealing faces (eg. protruding cloth ties, etc.). 
2) Push the moving end up to the end of the plate pack. 
3) Ensure the ram extension is in the central position between the ram and the moving end. 
4) Ensure the release valve (large diameter knurled handle) on the pump unit is closed. 
5) Switch the pump control to the low pressure (switch out) and operate the pump lever 
allowing the ram to extend. 
As the press pack compresses, the pump action will become harder to operate. At this 
point the pump control is switched to high pressure (switch in). Operation should 
continue as normal and the pressure gauge monitored carefully until the correct closing 
pressure is achieved (5050 psi). 
A lOCking ring is provided on the ram. This should be screwed up to the nut assembly. 
6) Check that cake collection trolley (supplied by others) is in position. 
5.2. FILTRATION CYCLE 
1) Ensure the blanking plate is in the correct position "and that membrane air hoses to 
membrane plates that will not be wetted are disconnected from the air manifold, and 
the connection ports plugged. 
2) Ensure an adequate supply of sludge for pressing is avaiJable. 
3) Check valving to ensure route from tank to pump isopen. 
--.---
4) Check valving to ensure route from feed pump tQ press feed manifold is open. 
5) Check valving to ensure filtrate line is open (V3, V4, V5, V6). 
6) Ensure feed line to press is not obstructed. 
T) Qose pressure release valve (V2). 
8) Before operating check that feed pump has been 
adjusted/set to give a maximum pumping pressure of 6 Bar. (Pressure of up to 15 Bar 
will not cause any damage). 
9) Open the feed valve to press (VI). 
10) Start feed pump. 
11) Check the quality of the filtrate to ensure that no solids are passing. 
As the press fills and the pressure increases drips may appear between the plates, and 
fall into the cake collection trolley, this is normal and should stop as the cake forms in 
the chambers. 
The end of the pumping cycle is determined by rate of flow of filtrate away from the 
press, which is high at the beginning of the cycle and Iow towards the end. 
12) At a pre-determined low flow point switch off feed pump and close the sludge feed 
valve (VI). 
13) Mter checking the feed manifold pressure gauge to ensure that the slurry inside the 
press has attained a minimum of 5 Bar pressure, slowlyopen the Membrane Air Inlet 
Valve allowing air at 15 BAR to enter all plates simultaneously via the manifold tubes 
(experience will dictate the period taken to adequately squeeze the cake). The orifice 
plate in the membrane air inlet line will ensure the pressure in the membranes does not 
increase at an excessive rate, since this could cause damage to the membrane plates. 
14) Membrane squeeze cycle is complete when little or no filtrate is seen to flow from the 
filtrate ports or again where experience dictates cycle end. (The air manifold pressure 
relief valve will prevent a pressure above 15.5 Bar developing in the membrane plates 
should this situation ever arise). 
15) Gose membrane air inlet valve. 
16) Slowly open membrane air outlet valve to release the pressure in the system. 
17) Check the air manifold pressure gauge to ensure that all membrane air is exhausted 
prior to opening press. 
18) If required, cake washing and air blowing may be carried out at this stage prior to 
opening the press. 
5.3 CAKE WASHING/AIR DRYING 
1) Choose between simple wash and thorough wash. (Details Below). Experience will 
dictate which wash method is most suitable. 
SIMPLE WASH 
1) Ensure filtrate valves (V3,V4,V5,V6) are open. 
2) Open Simple Wash Inlet Valve (V7). 
3) Demineralised water will enter the filter press via V7, pass through the filter cake 
and leave via the filtrate outlets. 
4) When washing bas been completed close V7. 
THOROUGH WASH 
1) Ensure filtrate valve (V3) is open. 
2) Ensure filtrate valves (V4,v5,V6) are closed. 
./ 
normal 
filterpJote 
mCake 
BWashing 
Washing the cake after filtration is a require-
ment in many applications. The goal of cake 
wash is either to replace the remaining liquid in 
the cake with an alternate liquid or to reduce 
the concentration of soluble chemicals inside 
the parlicles that form the cake. 
All filter elements used with filter presses pro-
vide the opporlunity for cake washing. 
Generally, two different ways, as determined by 
the flow of the wash liquid, are possible. 
SIMPLE WASH 
With simple wash, the wash fluid is fed into 
the chamber through the suspension channel 
passing through the cake like the filtrate. The 
basic requirement for a simple wash is that the 
half cakes, which grow during filtration on both 
filter areas of a chamber, have not yet met and 
formed the final cake. Moreover, the change 
from filtration to washing must provide a contin-
uous non-decreasing pressure to fix the posi-
tion 01 the half cakes on the filter cloths. 11 the 
feed pressure breaks down for even a slight 
time, the half cakes may slide toward the bot-
tom 01 the chambers or break apan. In either 
occurrence, washing cannot be performed 
successlully. 
half cakes 
normal 
fHterp/ate 
half cokes 
Fluid Flow OUflng Simple Wash 
Although no! easy.to perform, simple wash 
offers an impor1ant opportunity. Simple wash 
can be done with any existing filter elements; 
no modification is necessary. Therefore. a sim· 
pie washing step can always be added to any 
existing filter press filtration process 
Alter finishing Cl. simple wash, a great deal of 
wash liquid remains in the gap between the half 
cakes. This dramatically Increases the moisture 
content and causes obvious operating prob-
18ms. Therefore. the use of recessed chamber 
plates or filter plates & frames should not be 
proposed for simple wash. 
Membrane filter elements, however, can 
remove this remaining wash liquid from the gap 
during squeezing and, theretore, again adjust 
to a high dry solid content in the final cake. 
THOROUGH WASH 
The second washing principle is thorough 
wash. Unlike simple wash, this method can 
only be applied when the filter elements have 
been appropriately prepared or adjusted. 
Nerghboring elements of a plate stack are dis-
tinguished between pressure plates and wash 
plates. The difference is that the two elements 
show alternating filtrate outlets and, therefore, 
the plate stack furnishes two separate filtrate 
systems. 
During liltration, both filtrate systems are con-
nected externally to the filter press. For wash-
ing, these systems are separated. Forced by 
the wash feed pressure, the wash liquid is fed 
through the tiltrate system of the wash plates, 
spreads behind the filter cloth and flows 
through the cake. On the back side of the cake, 
the spent wash liquid leaves the stack by the 
filtrate system of the pressure plates. 
wash plate 
Fluid Flow OUflng Thorough Wash 
While some variations with thorough wash in 
fluid flow exist, ultimately all correspond finally 
to the described principle. 
Contrary to Simple wash. all the chambers can 
be filled with cake during filtration due to this 
flow pnnciple. Therefore, the chamber volume 
is fully uflhzed. As can be readily seen in thiS 
flow diagram, thorough wash is the preferred 
method tor cake washing .. 
wash plate 
~" ---
Main .Factors for Cake Washing 
The wash liquid is forced Ihrough the cake by 
wash teed pressure. But the moving force for 
washing itself is determined by factors other 
than wash teed pressure, which is usually of 
slight significance. Furthermore, the main fac-
tors affecting cake wash are the chemical 
attributes of the participating substances since 
they preset the microscopiC steps during 
washing. 
When looking only at one particle of the cake, 
it can be seen that washing is marked by three 
steps. 
First, the substance to be washed out must 
diffuse to the sunace of the particle. The mov-
ing force tor diffusion is only determined by the 
difference in concentration from the surface to 
the inner parts of the panicle. Velocity of diffu-
sion can only be increased by reducing the 
surface concentration. 
Next, from the sunace of the paf1icle, the sub-
stance must move to the wash liquid. To over-
look the difference in concentration between 
the wash liquid and the panicle surface is to 
ignore the single most responsible factor. The 
velocity at moving over from the surface to the 
wash liquid can only be increased by increas-
ing the surface area or by increasing the differ-
ence in concentration. 
Finally, the substance to be washed out must 
be taken oH by the wash liquid. This step is 
mainly preset by the solubility of the sub-
stances in the wash liquid and its flow velocity. 
Only this step can be increased by faster flow 
of wash liquid. 
Increasing temperature can generally quicken 
each step during washing as the molecular 
movability of the substances to be washed out 
improves. 
Border Conditions for Washing 
The basic requirement for a homogeneous 
and fluid saving washing is a homogeneous 
flow through the cake. 
The most important requirement for this (s 
even build up of cakes. Additionally, cake 
washing is made complicated by a phenom-
enon called shrinkage cracks. Due to the wash-
ing out of soluble substances in the cake and 
the resulting loss ·in volume, cracks occur which 
build up short circuits for the wash liquid. 
The borders of the filter chambers may also 
work as such short circuits. !n both cases wash 
liqUid cannot pass the cake homogeneously. 
With Ihorough wash, the use of membrane fil-
ler elements provides a big advantage. By 
squeezing Ihe cake wilh pressure slightly high-
er than the feed pressure of the wash liquid, 
the cake is permanently compressed during the 
wash cycle. Due to this, occurrence of shrink-
age cracks and short circuits are minimized or 
avoided. Further, the compression of the cake 
results in a more homogeneous permeability 
and. therefore, a more homogeneous wash out. 
From this comparison ot different element 
Iypes with thorough wash, less wash liquid is 
required and shorter wash cycle duratians 
occur with the use of membrane filter elements. 
Control and Regulation of the Wash Cycle 
Regufation of the wash cycle is based mainly 
on the monitoring of the chemical and physical 
attributes of the wash liquid including pH. 
electrical conductivity, or turbidity. If these easy 
to monitor characteristics are not sufficient for 
control and regulation during the wash cycle, 
periodically a chemical analysis in a laboratory 
must take place. 
Furthermore, it must be noted that only the 
characteristics of the outcoming wash liquid 
can be determined when monitoring these 
values. From these, the content of the sub-
stances to be washed out can be calculated, 
although this indicates nothing about the actual 
washing result of the cake. A precise control of 
the wash results is only possible WJth a continu· 
QUS mass balance of the substances washed 
out during the washing cycle. 
Therefore, based on the solids fed during fil-
tration the amount of substance to be washed 
out must be estimated. Only spent wash liquid 
multiplied by the average content of washed 
out substances is the value for the remaining 
substances in the cake. 
.. : 
3) Open Thorough Wash Inlet Valve (VS). • 
4) Demineralised water will enter the filter press via VS, pass through the filter cake and 
leave via filtrate outlet V3. 
5) When washing has been completed close VS. 
AIR DRYING 
1) Ensure filtrate valve (V6) is open. 
2) Ensure filtrate valves (V3, V 4, V5) are closed. 
3) Open Air Inlet Valve (V9). 
4) Air will enter the filter press via V9, pass through the filter cake, and leave via filtrate 
outlet V6. 
5) When air drying has been completed, close V9. 
5.4 OPENING THE PRESS 
1) Ensure the slurry inlet valve (VI) is closed. 
2) Slowly open press pressure relief valve (V2) to release internal pressure prior to 
opening the press. 
3) Unscrew the locking ring (if difficult operate the hydraulic pump lever to close the 
press a little more, taking the load off the lOCking ring, enabling it to be released. 
4) Open the hydraulic pressure release valve allowing the hydraulic cylinder to retract on 
spring return. 
When the ram is completely open close the pressure release valve. 
5) Move the ram extension and pull back the moving end to initial starting position. 
Manual plate separation can now commence. 
(Here it is advisable to have two operators - one on either side of the press, but 
operation is possible with one operator). 
5.5. CAKE DISCHARGE • 
As the plates are separated manually one at a time, the operators duty consists of ensuring that 
all cake is discharged from within the chamber. 
It is important that the operator be present during the whole of the cake discharge cycle and in 
particular he should make sure that: 
a) All cake leaves the cloth surface. If any pieces remain on the cloths then they should be 
removed with the aid of a plastic or wooden spatula. NEVER USE A METAL 
SPATULA. 
b) All cake is removed from the gasket sealing faces. Particular attention should be paid to 
the bottom edge of the plates. 
c) All cake is removed from inside and around the centre feed hole of the plates. 
d) Any pieces of cake which may lodge on top of the sidebars are removed. 
e) The separated plates are stacked against the mOving end squarely. 
DO NOT OPERATE THE PRESS WITH TORN CLOTHS OR CLOTHS WITH 
CREASES, etc. 
When all the cakes have been released from the press and all the plates are seated 
squarely within the frame, the press may be closed ready for the next pressing cycle. 
IMPORT ANT: Before each closing of the press ensure that all the filter plates a sitting square 
to each other throughout the pack. If a filter press is closed with its plate pack skewed within 
the framework excessive stresses will be absorbed through the press structure and distortion of 
the press framework ma y result. 
SECTION 6 - LUBRICATION & 
MAINTENANCE 
6.1. Press Frame 
6.2. Filter Plates 
6.3. Filler Cloths 
• 
LUBRICATION & MAINTENANCE 
• 
6.1. PRESS FRAME 
Ensure that the hydraulic pump reservoir is kept topped up, the pump is provided with drain 
plug, filler plug and gauge. 
Keep the ram surface protected with a thin film of oil including the screw thread. 
Hydraulic pump reservoir capacity - 45. litres. 
Recommended oil- Century Oils PWLA, Shell Tellus 37. 
6.2. FILTER PLATES 
Maintenance of filter plates is ofa preventative nature only. 
a) Never strike the plates with heavy or sharp instruments. 
b) Never operate the press with torn cloths. (i) material behind the cloth can cause the 
slurry to erode the surface, and (ii) if material remains behind the cloth differential 
pressures can result from one chamber to the next and severe distortion can result. 
6.3. FILTER CLOTHS 
Ooth life can be extended by frequent waShing, clean cloths maintain efficient filtration and 
the fonnation of good cakes. The cloths need not be removed from the press for 
cleaning, water applied at high pressure to the cloth surface once a week is usually sufficient 
to maintain efficiency. Various high pressure, portable pump units complete with hoses, 
lances and assorted spray heads, are available and ideally suited for this purpose. Operating 
experience will dictate how often the cloths require waShing. 
Once each week, however, is usually sufficient. 
SECTION 7 - DRAWINGS • 
DRAWINGS 
3173/01 
3173/02 
3173/05 
3173/04 
Filter Press G.A. 
Filter Press Parts List/Assembly. 
Feed Manifold G.A. 
Filtrate Manifold G.A. 
• 
SECTION 8 - SKETCHES 
SKETCHES 
Fig 1. 
Fig 2. 
Fig 3. 
Fig 4. 
• 
Pack Flow Diagram 
Method of Fixing Face Cloth to Fixed End Half Plate 
Method of Fixing Intermediate Facing Cloth 
Method of Fastening Intermediate Facing Cloth 
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(a) Filter Media: 
SCAPA.Primapor 
--~-
SCAPA FILTRATION (EUROPE) LTD 
PRODUCT DATA: AM703-95 
(formerly PRIMAPOR AI) 
-=---=======T==-"-" ~-~'~=======91 
DESCRIPTION: A filter medium with outstanding 
filtration efficiency and cake 
discharge characteristics, supported 
by a woven polyester substrate. 
WEIGHT (g/ro2): 700 
AIR PERMEABILITY: 6 
I (lit!dm1/min @ 20mm WG) 
, TEr\SILE STRENGTH: 
(lbN!Sc.l11) 
WARP: 
WEFT: 
EXT @ BREAK %: 
WARP: 
WEFT: 
;1 POTENTIAL 
!! APPLICATIONS: 
280 
90 
33 
25 
Rotary drum~, vacuum k:'if, candle 
filters, where maximum filtrate 
clarity from fine particle suspensions 
is essential. Industries include TiO; 
Dyestuffs! Pigments, Silicates, China 
Clay. Magnetite. 
1\ 
i 
I 
11 
11 
-------=:::~ 
'u[ions: '.:-.>og o)(ldi~>lng agent,. strong acid and alkaline conditions. fc" ,e.' '.'" i F 
.. ,,(ions .. ,:1 "inuous operating temperatures over 70·C. Maximum avail~blc widU! 
1:\( Y\nlTI. 
[. __ . __ ._.. --------_. ---_. __ •• _--_._ .. - .... . . "-'\ 
i- ,~ .... '. <", DOCUMENT: This data, r~orrr: .. _I, ;!~ ,'- , .f.':::.~::.~ __ , ,. ',:'I~ tYDic~1 ~~:St rI~sults .l)nd is for in{a(t'I".~rIfH1 ('~)y --.4 
I -C'.' 'J) 4 .. :97 .-.--r;::;. ... ,---- j' 
"') BY', . ':'/ '" '" 
Introducing .. • • • • • 
P.RIMAPOR 
A filter medium possessing outstanding flltration efficiency and 
e;,.ceUent cake discharge characteristics. 
BACKGROUND 
PRIMAPOR is the result of an extensive research and development 
programme to determine the most efficient medium for the separation 
of e;,.tremely fme particles in aqueous dispersions. 
In addition to achieving superior solid-liquid separation, the mp,'; 
has in botl]. laboratory and field trials, exhibited excelleli, 
discharge properties. 
POTENTIAL APPLICATIONS 
Principally ftlter press, rotary vacuum drum and vacuum leaf titters 
where extremely high filtration efficiency and good cake discharge is 
required. 
Suggested applications include titanium dioxide, dyestuffs and 
pigments, magnetite and china clay. 
LIMITATIONS 
Avoid Strong acid and alkaline conditions 
Powerful oxidising agents 
Foodstuff applications 
Continuous operating temperatures over 700C 
MAX. WIDTII : 1500mrn 
(b) Catalyst 
PRODUCT SAFETY DATA 
SAFETY DATA SHEET 
1. IDENTIFICATION OF THE SUBSTANCE/PREPARATION AND COMPANY/UNDERTAKING 
PRODUCT NAME: ICI CATALYST 71 SERIES PRECIPITATED SLURRY 
Address/Phone No. IeI Katalco 
PO Box No 1 
Billingham 
Cleveland 
TS23 1LB 
UNITED KINGDOM 
44 1642 523638 
Emergency Phone No.: (01642) 452461 
2. COMPOS:ITION/ INFORMATION ON INGREDIENTS 
PRODUCT DESCRIPTION 
A mixture of iron(III) and chromium(III) oxyhydroxides and basic copper 
carbonate in an aqueous sodium nitrate solution. 
HAZARDOUS INGREDIENT(S) CAS No. %(101(101) Symbol R Phrases 
Basic Copper Carbonate 012069-69-1 <25 Xn R22 
Trivalent chromium oxide 001308-38-9 <20 
Iron oxide, red 001309-37-1 <20 
Sodi um nitrate 007631-99-4 <20 0 R8 
3. HAZARDS IDENTIFICATION 
This health hazard assessment is based on a consideration of the 
composition of this product. 
May cause irritation to skin and eyes. 
(Revision: 01 - UK00) (Date: 0997) (Page: 1- cont i nued) 
PRODUCT NAME: ICI CATALYST 71 SERIES PRECIPITATED SLURRY 
7. HANDLING AND STORAGE 
7.1 HANDLING 
Avoid contact with skin and eyes. 
Keep away from combustible materials, oxidisable materials and acids. 
7.2 STORAGE 
Keep container tightly closed and in a well ventilated place. Keep away 
from combustible materials, oxidisable materials and acids. 
Suitable containers: mild steel 
Storage Temperature 
Storage Life 
50 Deg C 
: 5 year(s) 
8. EXPOSURE CONTROLS/PERSONAL PROTECTION 
Wear suitable protective clothing, gloves and eye/face protection. 
Contaminated clothing should be placed in water prior to washing to 
avoid ignition. 
Occupational Exposure Limits 
LTEL 8hr TWA 
ppm mg/m' 
STEL Notes 
HAZARDOUS INGREDIENT(S) 
Copper Dusts and Mists 
(as Cu) 
Chromium (III) Compounds 
(as Cr) 
Iron Oxide, Fume (as Fe) 
9. PHYSICAL AND CHEMICAL PROPERTIES 
Form 
Colour 
Odour 
pH (Value) 
Boil i ng Poi nt (Deg C) 
Melting Point (Deg Cl 
Flash Poi nt (Deg Cl 
Flammable Limits 
Auto Ignition Temperature (Deg C) 
Explosive Properties 
(Revision: I'll - UK00) 
1 
0.5 
5 
slurry 
brown 
odourless 
6 - 9 
No data" 
ppm mg/m' 
2 
10 
Not applicable. 
OES 
OES 
OES 
no flash point due to high water 
content 
Not applicable. 
Not applicable. 
Not applicable. 
(Date: 0997) 
(Page: 3-continued) 
.~....z_; .. 
PRODUCT NAME: ICI CATALYST 71 SERIES PRECIPITATED SLURRY 
12. ECOLOGICAL INFORMATION 
This environmental hazard assessment is based on information available 
on the components of the formulation. 
Environmental Fate and Distribution 
Non-volatile. 
The product is soluble in water. 
Persistence and Degradation 
The product is substantially biodegradable in water. 
Toxicity 
No information available. 
Effect on Effluent Treatment 
The product is anticipated to be substantially removed in biological 
treatment processes. 
13. DISPOSAL CONSIDERATIONS 
Disposal should be in accordance with local, state or national 
legislation. 
14. TRANSPORT INFORMATION 
Not Classified as Dangerous for Transport. 
Marine Pollutant : Not classified as a Marine Pollutant 
15. REGULATORY INFORMATION 
Not Classified as Dangerous for Supply/Use. 
(Revision: 81 - UK88) (Date: 0997) 
(page: 5-continued) 
(c) Titanium Dioxide 
This leaflet provides information to enable Tioxide pigments to be 
I 
stored and used safely and without risks to health. 
Material/product 
TradeMark 
ntanium dioxide pigments 
This information applies to all grades ofTioxide 
pigments. Supplementary information for some 
specific grades is also available. 
noxide 
MA N UFACTURE RIS UP P LIER ,'::;~c /Deiallson back page 
Tioxide Europe 
Tioxide Nartk A merica 
Tioxide Asia Pacijic 
TioxideSouthemAjri.ca 
ioxide fj 
ANIUM PIGMENTS 
. ".-_. ' 
noxide Europe Limited 
noxideEuropeSA 
noxide Europe SA 
noxide Europe Sri 
noxideEuropeAB 
noxideEuropeNV/SA 
noxide Europe GrnbH 
noxideInc 
noxide America Inc 
noxioe (Malaysia) Sdn Bhd 
noxide Australia Pty Limited 
noxideJapanKK 
noxide Southern Africa (Pty) Limited 
A GUIDE TO 
Tioxide 
pigments 
MATERIAL SAFET 
DATA SHEET 
This leaflet is a generolguide to lhesafe use and 
swrageofTioxi.depigments. 
More detailed in/annation on Tioxide pigments is 
availablej'ram Technical Service personnelu.'ithi n 
the Tioxi.de Group. 
Although all information is given in goodJaith.. u:e 
do not guarantee the accuracy or compietenP.ss of 
information. 
You should ensure that any p-rocess you use OT 
product you. make using Tioxide pigment does not 
infringe any patent. 
Tloxide Group Umited 
l/egistered Office: 
TioxideHouse.137.143HammersmithRoad 
London W14OQL. England' 
Registered in£ng.landNo! 249759 
Tioxide Group Limited is a memberofthe 
rCI Group o(companies 
Tioxide is aregistered trademark 
It is '1Uxr:ide policy eo updaUJ this inJormtJ.tUm. 
regularly. You are' tlterefore advised to check 
lhat this publiCation is the most up-to-date. 
© TioxideGroupUmited 1992 
APRIL 1992 
'TNFORM'ATION"ON-:- dO. M P ON EN -r:'S'UB'S TAini'ES ;+,,~~~~ 
-,' .... ~.-" ••••• -'. < •• -. '.-.- ... -,.. ... ".~, ... -..,,, •• ', ':,-,-.- ".". -.,--: "" '. -= •• ~ .' .. '-...... - ...• -; ..... ~ .. ,"'-,-;.,.....,.:-.,.~ 
Substance & Fonnula '. > % •... CASNo .... ·C· ElNECSNo 
......................... : ........................................................................ _ ... - .... - ................... - ...... -......... - ........ ~ .... ~ .. - .. . 
Titanium dioxide , TiOz 80-99.. I3463.67·7. "2366755 . 
.................................................................................................................................................... _ ........ -......... -
0-6 1344·28·1 2156916 
............................................................................................ ; ........... _ ................................................................ . 
Silicon dioxide, SiOz ·0-10 7631·86·9 . 2315454 
........................................................... ~ ...... -.... -................................................................................................. . 
Zirconium oxide, Zr02 0-2 ·1314·23·4 2152272 
........... ~ ........................................ ~; ...... -.............................. ;.;~ ........ - ......................... - .. - ...... - ......................... .. 
Organic treatnientmaterial 0-0.7 
....................................................... _ ................................................................................................................. .. 
In North America the CAS No 13463·67·7 alone is an adequate identification for titanium 
dioxide pigments forthe Hazard Communication Standard . 
.......................... _ ................ _ ........... - ... _ .. -..................... _ ......... --................... ~ ............................................. .. 
Tioxide pigments consist essentlallyoftitanium dioxide particles. Mostgrades have a 
surface coating of other metal oxides (or hydrated oxides); and a further surface treatment 
of organic materials eg polyhydricalcohols, alkanolamines or siloxanes. 
Titanium dioxide pigments are made in two different CIystalline fonus, anatase and 
rutile. Tioxide produces both tyPes. . ' '. . 
The metal oxides( or hydrated oxides)ofthe surface coating are precipitated from 
aqueous solutionsand are therefore present in their amorphous (non -crystalline) fonus. 
In particular grades, chemical compounds ofthe following elements may be present: 
manganese, phosphorus, potassium, sodium and zinc. The amoun ts of these elements, 
when present, will not exceed 1 % except forsodium which may be present at levels up to 
2 %, expressed as the appropriate oxides. 
None of the organic surface treatment materials is known to be hannful at the leveis 
encountered during nonnal storage, handling and use of the Tioxide pigments concerned. 
See 'Stability·Reactivity'. 
Where there are particular requirements, such as food packaging, cosmetics or 
medicinal products, specific Tloxide grades can be recommended. 
Typical analyses ofall Tioxide grades are avallable on request. 
Appearance White powder 
Odour None 
Melting point Approximately 1800°C 
......................................... " ................................................................................................................................. . 
Specific gravity 3.55-4.2 
Bulkdensity(tamped) 0.5-1.2g/ml 
........................................... _ ...................................................... ; ...................................................................... .. 
Solubility Insoluble in waterand organic solvents 
. The primaryparticies will lie in the rangeD.05 toO.40 1= (microns) with a mean size of 
0.15 to 0.24 p.m, depending on grade. 
Theproductpigmentconsistsoflooselyagglomerated primaryparticies, typically 
ranging to about 1001=. Titanium dioxide pigments will tend to compact in storage and do 
not generally flow well. Tloxide Granularis free· flowing. 
For health hazard considerations, the respirable dust fraction, ie particles < 7 p.m, is 
Significant. This fraction is largely dependent on the storage and handling history. 
~.-~t~A~~~(;}J;;:f~~~,~~~~§~LV}~r:~~~~~~~~~ 
Tioxide pigments are stable under normal conditions andare inert to most chemical 
reagents. . 
Under laboratory conditions the inorganic and organic coatings may be removed. by 
treatment with strong acids oralkalis. . 
When heated to moderate temperatures (ca2500 C) the organic coatings will.startto 
decompose. in practice this is only likely to occurif: 
Continued 
.. 
Continued .... 
i) . Tioxide pigments are exposed to a strong heatsouree, eg, from an adjacent . ,..... . 
b]ll!ling material. In this case, any fumes derivedfrom the pigment coating will be 
irisignificant compared with the products of combustion of the burniI\gmaterials. 
iil Tioxide pigment illincorporated int~ a product which is' subsequently hea~' . 
during processing to the above temperature. In this situation the decomposition 
products could iriclude traces of carbon monoxide, formaldehyde, alpha ethyl 
acrolein; together with fumes and vapours derived from the othercornponents of 
the product. Local exhaust ventilation should be provided. . . 
-naiad. jilgiitents ar,isupp1le'om varioUS pa:c:tciiges:-
i) 25kg or 50!bnominal capac;tymulti·ply paperorpiastic sacks, paclced 40 bags per 
pallet,overwrappedinplasticfilm. 
ill 
ill) 
The removal of this plastic may generate an electrostatic charge, so theoperation 
should not be carried out where flammable gas orvapourmay be present. 
500kgor lOOOkgflexible, serni·bulkTIOTAlNER~ bags. Theseshouldbe movedasa 
palletised load, or by using the fourintegraIlifting loops. All four lifting loops must 
be used and the weight must be distributed unifonnly, either by the use ofa 
cruciformlifting beam or byplacing a pairofloops on each forkofa forklift truck. A 
single lifiing hook must not be used. 
Aseparateleaflet, 'A Guide tOTIOTAINERBag Systems', is available. 
The relative movement o!two non·conducting materials, such asfor example 
the discharge of pigment from a TIOTAINER bag, generates static electricity 
charges. U ndercerta!n conditions, these static charges may initiste an electric 
spark of sufficient energy to ignite a flammable atmosphere. 
Therefore, usefS ofTIOTAINER bags should satisfy themselves that electrostatic 
charges will not create ahazardous situation under their conditions of use • More 
detailed advice on the useof'l1OTAINER bags, including the use of static· reducing 
bags, in areas where flammable vapour maybe present, is avallable from Tioxide. 
BulktankefScontainingup to 23 tes. Thesearedischarged pneumatically, with the 
tanksection elevated to anangle of 45-50 degrees. It is important that the road 
surface adjacent to the discharge point is firm and level, to ensure stability o!the 
tanker during the discharge operation. 
There are no safety problems arisingfrom the storage ofTioxide pigments. 
However. pigmentary properties will be impaired by excessive compression, or by 
contamination with water. Tioxide pigments should not be stored in outside areas 
exposed to the weather. Pallets of paper sacks can be stacked to a maximum oHour 
high and 'l10TAINER bags to a maximum of three high. 
p..~~.sO. ii_A.L.~!·,!~~!~(tif~9·!ic_~&-~;~~~H~~~J$~ 
As tine powdefS, the hand1i.ng ofTioxide pigments can give rise to airborne dust including 
respirable dust. Handling systems should be designed and operated to minimise dust 
escape. 
The use of an approved dust respiratoris recommended. A respirator must be usedlfthe 
dust concentration is likely to exceed the recommended exposure limit. 
Tioxide pigments are notiITitant, but the tine particles can absorb moisture andnatural 
oils from the surface of the skin, leading to dryness and leaving it more vulnerable to 
attack. Prolonged exposure should be avoided by wearing suitabJe protective gloves. 
Continued 
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Continued ... 
The use of approved dustproof goggles is recommended if excessive dust concentrations 
arelikelytooccur.·,. 
'. ~t"iKg~~·Bli;Kt.~'-;:H,i. NP-i;I ~NGJN},<!.A;S;~:;ii'il~ilA :;:i~is.' 
Tioxide pigments are not flammable and do not give rise to fire risks. The packaging 
materials. (paper sacks, plastic film wrapping, wovenflexilile plasticbags)are 
combustible materiais. Fire in packaging materials should be extinguished with water. 
'-' -~ .. - .. - '-, .," .. ' '""'", ',' .. ,','''-' ,-" •.. - .... ',-,_~.~.' ...... -~' -,,_.-. ,-- ~"--",--. . -.-'" .... - .. ,. -.",,-,~.'.i:.:""~' ... . 
·.'M E'A SU R E S'rN C KS E 0 F':AC;C.ID Frwr:kL':llET; Fr.A:SE ... ',::"':,,c'i'i.;'J'd ~ __ ""_'."",_ ~ .• __ ~ _: .-, ...• _.-....:. .• ", .., .. ,-"'...J' ••••• -.._.,. ___ ,-; ... :,...._'_ • .-"--_ ...• -, ...• '. _._,.-. ,.,.~-;;:. =-.. .,., 
The accidental release ofTioxide pigments will not create anypersonaJorenvironmental 
hazards. 
',~~ .. E ~(~~T:~·,·. H. ~:Z:~-~_~~~.· -.:.', C~~~~2E~~~i~~#~:fli~~;~J::(~~~~~~:;~l 
Titanium dioxide, the predominant component ofTioxide pigments, is not a 
harmful substance. This view is supported by a number of studies. 
Toxicity: Titanium dioxide is not toxic, and no acute or chronic effects have been 
reported. 
One animal study reported an LD50 mouSe value of > 10g/kg. 
Can:inogenicity: ingestion, animal. In alifetime oral feeding study conducted by the 
US National Cancer Institute, rats and mice were fed diets containing 25,000 or 50, OOOppm 
titanium dioxide. Under the test conditions, titanium dioxide was not carcinogeniC for 
eitherspeeles. in addition, apart from white faeces; no significant physiological effects of 
any kind were observed. . 
Can:inogenicity: inhalation, animal. A two-year study on rats, conducted by the 
DuPont Company found no lung tumours at concentrations of two-times and 
ten-times the AGGlHTL y(l). At fifty-times the TL V, microscopic lung tumours were 
found in a small proportion otthe exposed rats together with indication of as eve rely 
overwheimed lung clearance mechanism. 
Thus there is little or no convinCing evidence from animal experiments that titanium 
dioxide is carcinogenic. 
Can:inogenicity: human. The lARC(2) has allocated titanium dioxide pigment to 
Group 3: 'not c1assi!iable as to its carcinogenicity to humans' le the IARC working group of 
experts did not find any evidence that titanium dioxide might be a human carcinogen. 
Occupational Exposure Umits(UKHealth and Safety Executive 1989): 
Longtermexposure 
limits (8 hourTW A(3) 
reference period) 
Short·tenn exposure 
limits (10 minutes 
reference period) 
........... -..............................................................................................................................................................  
Titanium dioxide 
total inhaiable dust 
respirable dust 
IQ 
5 
.......................................................................................................................................... " ............................... . 
Other components 
Aluminium oxide 
Silica, amorphous 
total inhalable dust 
respirable dust 
Zirconium compounds 
10 
6 
3 
5 
20 
10 
(1) 11. Vs are Threshold Limit Values for Chemical Substances in Workroom Air. 
published by the American Conference of Governmental Industrial Hygienists (ACGIH). 
(2) !ARC: The International Agency for Research on Cancer. 
(3) TW A: Time WeightedAverage. 
Continued 
Continued ... 
. 
FIRST AID MEASURES 
'. ' .. - -,. 
No specific intervention is indicated as the product is not harmful. However, thefoJlowUig 
mayheuseful. . . ,',' . , . ,. . ' 
Eye contact: wash with water or neutral eyewash solution. ' ;, 
Skin contact: wash with soap and water. ~- .. " .. 
Inhalation: removefromdustyatrnosphere, no treatment required. 
Ingestion: material is not toxic and not retained in the intestinal tract. 
,.~·;~~-s!·p11£~(~.~'~~,~~:~N~~~·~'~-fi,iQ)i :,;~%~~t;:~~~~~ 
Tioxide pigments are inert and insoluble, and are not biologically active. _ , __ ' '_~. __ _ 
The aquatic toxicityoftitanium dioxide is low: no toxic effects were observed in ' 
DaphniaMagna(waterflea)atlg!l. '- " 
The presence of pigmentary titanium dioxide in liquid effluent, even at low 
concentrations, will render the discharge highly Visible, as light is reflected from the 
dispersed particles. 
Titanium is the ninth most abundant element in the earth 's crust, and titanium-
containing minerals are widely distributed in rocks and sands around the world. 
Small amounts oftitaniurn'rninerals occur naturally in soils and sedirnents. 
Spilled material can be swept up and disposed of as non-toxic waste. 
Titanium dioxide and Tioxide pigments are not listed as being harrnful or dangerous. 
There are no specific requirements under national or internationai regulations forthe 
transportation by sea, road, rail or air. 
LA BELL! N Cd? rF~E)1 ENCE? 
Titanium dioxide is not listed as ahazardous substance, and therefore does not have a UN 
number, KemlerCode, Hazchem Code orTrerncard. 
The EEC Directives on dangerous substances, solvents and paints etc, are not appUcable 
to titanium dioxide, 
E U RO P EAN IN VENTOR Y d F EXISTiNG'C'O M-M ERc'iiL~-::i 
s !1 B".S.T A·N·9;~)(:.:J1!~(E .~~~~~ 1C. :.:~f'~~~~~~~;t~~~~~~~~ 
Tioxide pigments are mixtures, and the Regulations do not allow mixtures to be 
individualiyregislered. All the components of the pigment mixtures have been 
identified by ECOIN(l), Thus, Tioxide pigments already comply with the RegUiations. 
(l)ECOIN: European Core Inventory 
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Appendix 3: 
Laboratory Scale Rig 
'Commissioning Data 
(a) Ti02 Filtration Data 
(.~P = 100, 300, 400 and 500 kPa) 
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Figure A3.1: Mass of filtrate vs. time plots for filtration tests of TiOz at LlP == 100 kPa, 
300 kPa, 400 kPa and 500 kPa (at 50°C). 
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Figure A3.2: Time/volume vs. volume plots for filtration tests of the TiOz at ~P = 100 
kPa, 300 kPa, 400 kPa and 500 kPa (at 50°C). 
Table A3.I: Estimated filtration times for Ti02 suspensions filtered at different pressures 
(obtained from Figure A3.2). 
Filtration Pressure (kPa) Estimated Filtration Time s) 
100 3700 
300 3680 
400 2600 
500 1920 
Appendix 4: 
Experimental Data 
(a) Catalyst Results 
(i) Laboratory Scale 
(ii) Process Scale 
(b) Titanium Dioxide Results . 
(i) Laboratory Scale 
(ii) Process Scale 
(a) Catalyst Results 
(i) Laboratory Scale 
The data contained within this section is complimentary to that presented in Section 
6.1.1. Experimental data sheets are provided for all catalyst laboratory scale tests (see 
Table 6.1) numbered sequentially from CLl to CL26. Graphical representation of 
relevant data is also provided. All figures presented are referred to from the main text. 
Experiment CLI 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, 11 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tIV vs. V plot 
Intercept of tIV vs. V plot 
, 
R- of tIV vs. V plot 
Filtrate 
910.4 
1156.72 
7.87E-04 
1.27 kg 
Solid 
361.5 g 
1697.66 kg m-3 
2.13E-04 m3 
1.00E-03 m3 
741.35 kg m-3 
21.29% v/v 
28.42% w/w 
0.001 Pa s 
13 cm 
l.33E-02 m2 
0.25 bar 
. 25000 Pa 
6.44E+09 
l.30E+06 
9.99E-Ol 
k ·1 a.v 7.656E+1O m g 
·1 Rm 4.317E+11 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake coneD 
fav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
707.90 g 
361.47 g 
346.43 g 
2.l3E-04 m3 
2.99E-04 m3 
41.55% 
0.58 
1.96 
741.35 kg m·3 
459.26 kg m-3 
0.023 m 
Experiment eL2 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConeD in Slurry 
Viscosity, !l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t/V vs. V plot 
Intercept of t/V vs. V plot 
R2 of t/V vs. V plot 
Filtrate Solid 
955.4 316.2 g 
1164.70 1759.44 kg m-3 
8.20E-04 1.80E-04 m3 
1.27 kg 
1.00E-03 m3 
542.22 kg m-3 
17.97% v/v 
24.87% w/w 
0.001 Pa s 
13 cm 
l.33E-02 m2 
0.35 bar 
35000 Pa 
4.99E+09 
6.6IE+05 
1.00E+OO 
a.v 1.135E+11 
Rm 3.072E+11 -I m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake coneD 
Eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
592.30 g 
316.25 g 
276.05 g 
1.80E-04 m 3 
2.37E-04 m 3 
43.13% 
0.57 
1.87 
542.22 kg m-3 
385.55 kg m-3 
0.023 m 
Experiment CL3 
Filtrate Solid 
Weight in Slurry 944.2 348.9 g 
Density, p 1137.22 2055.72 kg m'3 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, fl 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tfV vs. V plot 
Intercept of tfV vs. V plot 
R2 of tfV vs. V plot 
8.30E-04 1.70E-04 m 
1.29 kg 
1.00E-03 m3 
631.97 kg m'3 
16.97% v/v 
26.98% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
0.5 bar 
50000 Pa 
3.83E+09 
l.10E+06 
9.97E-01 
a.v l.068E+ll 
Rm 7.284E+ll ,I m 
Mass of wet cake 665.30 g 
Mass of dry cake 348.88 g 
Mass of liquid 316.42 g 
Volume of solid in cake l.70E-04 m3 
Volume of liquid in cake 2.78E-04 m3 
Cake cone" 37.89% 
Eav 0.62 
Moisture ratio, ID 1.91 
Effective c' 631.97 kg m,3 
Slurry c' 420.19 kg m,3 
Measured Cake Thickness 0.023 m 
3 
Experiment CL4 
Filtrate Solid 
Weight in Slurry 951.7 322.1 g 
Density, p 1154.20 1835.74 kg m·3 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConeD in Slurry 
Viscosity, !l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs. V plot 
Intercept of tJV vs. V plot 
, 
R- of tJV vs. V plot 
8.25E-04 1.75E-04 m 
1.27 kg 
1.00E-03 m3 
572.47 kg m·3 
17.55% v/v 
25.29% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
0.7 bar 
70000 Pa 
4.12E+09 
6.IIE+05 
1.00E+00 
aav J.773E+11 m kg·1 
.1 Rm 5.676E+11 m 
Mass of wet cake 624.30 g 
Mass of dry cake 322.14 g 
Mass of liquid 302.16 g 
Volume of solid in cake 1.75E-04 m3 
Volume of liquid in cake 2.62E-04 m3 
Cake cone" 40.13% 
Eav 0.60 
Moisture ratio, m 1.94 
Effective c' 572.47 kg m·3 
Slurry c' 390.71 kgm ·3 
Measured Cake Thickness 0.023 m 
3 
Experiment CL5 
Filtrate Solid 
Weight in Slurry 923.5 336.1 g 
Density, p 1135.80 1798.25 kg m-3 
Volume in Slurry 8.13E-04 1.87E-04 m3 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConeD in Slurry 
Viscosity, I-l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t!V vs. V plot 
Intercept of t!V vs. V plot 
R2 of t!V vs. V plot 
1.26 kg 
l.00E-03 m3 
740.01 kg m-3 
18.69% v/v 
26.68% w/w 
0.001 Pas 
13 cm 
l.33E-02 m2 
0.25 bar 
25000 Pa 
6.S4E+09 
1.74E+06 
9.99E-Ol 
k -J aav 7.791E+l0 m g 
-1 Rm S.78E+ll m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake coneD 
Eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
743.80 g 
336.06 g 
407.74 g 
1.87E-04 m 3 
3.S9E-04 m3 
34.24% 
0.66 
2.21 
740.01 kg m-3 
413.30 kg m-3 
0.021 m 
. 
Experiment CL6 
Filtrate Solid 
Weight in Slurry 965.5 315.5 g 
Density, p 1172.30 1788.46 kgm 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConcD in Slurry 
Viscosity, 11 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t/V vs. V plot 
Intercept of t/V vs. V plot 
R2 of t/V vs. V plot 
8.24E-04 J.76E-04 m 
1.28 kg 
l.OOE-03 m3 
646.18 kg m·3 
17.64% v/v 
24.63% w/w 
0.001 Pas 
13 cm 
l.33E-02 m2 
0.25 bar 
25000 Pa 
7. 18E+09 
7.90E+05 
9.99E-Ol 
aav 9.794E+10 m kg·1 
·1 Rm 2.62E+11 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
CakeconcD 
Cav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
708.60 g 
315.51 g 
393.09 g 
l.76E-04 m 3 
3.35E-04 m3 
34.47% 
0.66 
2.25 
646.18 kg m·3 
383.09 kg m·3 
0.021 m 
3 
·3 
Experiment CL 7 
Filtrate Solid 
Weight in Slurry 472.6 133.7 g 
1604.98 kg m·3 
8.33E-05 m3 
Density, p 1134.21 
Volume in Slurry 4.17E-04 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConcD in Slurry 
Viscosity, Jl 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tIV vs. V plot . 
Intercept of tIV vs. V plot 
R2 oftIV vs. V plot 
0.61 kg 
5.00E-04 m3 
424.28 kg m·3 
16.66% v/v 
22.05% w/w 
0.001 Pas 
13 cm 
l.33E-02 m2 
0.25 bar 
25000 Pa 
7.29E+09 
8.33E+05 
9.96E-Ol 
aav 1.514E+11 
Rm 2.764E+11 ·1 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake coneD 
Eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
248.92 g 
133.69 g 
115.23 g 
8.33E-05 m3 
l.02E-04 m3 
45.05% 
0.55 
1.86 
k ·3 424.28 gm 
320.84 kg m·3 
O.oJ m 
Experiment CL8 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, /l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of UV vs. V plot 
Intercept of UV vs. V plot 
R2 of UV vs. V plot 
Filtrate Solid 
476.3 138.5 g 
1194.27 1369.39 kg m·3 
3.99E-04 1.01E-04 m3 
0.61 kg 
5.00E-04 m3 
529.40 kg m·3 
20.23% v/v 
22.53% w/w 
0.001 Pas 
13 cm 
l.33E-02 m2 
0.35 bar 
35000 Pa 
7.37E+09 
l.75E+06 
9.99E-Ol 
a.v I.718E+ll 
Rm 8.128E+11 .1 m 
. 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone" 
E.v 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
302.35 g 
138.53 g 
163.82 g 
1.0lE-04 m3 
1.37E-04 m3 
42.44% 
0.58 
2.18 
529.40 kg m·3 
347.32 kg m·3 
0.009 m 
Experiment CL9 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Conc" in Slurry 
Viscosity, Jl 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope oftIV vs. V plot 
Intercept of tIV vs. V plot 
R2 of tIV vs. V plot 
Filtrate Solid 
460.7 157.8 g 
1074.83 2210.03 kg m·3 
4.29E-04 7. 14E-05 m3 
0.62 kg 
5.00E-04 m3 
553.51 kgm·3 
14.28% v/v 
25.52% w/w 
0.001 Pas 
13 cm 
1.33E-02 m2 
0.5 bar 
50000 Pa 
3.47E+09 
7.72E+05 
9.99E-01 
a.v 1.104E+11 k 
·1 m g 
Rm 5.123E+11 ·1 m 
Mass of wet cake 311.99 g 
Mass of dry cake 157.84 g 
Mass of liquid 154.15 g 
Volume of solid in cake 7.14E-05 m3 
Volume of liquid in cake 1.43E.04 m3 
Cake cone" 33.24% 
e.v 0.67 
Moisture ratio, m 1.98 
Effective c' 553.51 kg m·3 
Slurrye' 368.28 kg m·3 
Measured Cake Thickness 0.009 m 
Experiment CL10 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConeD in Slurry 
Viscosity, )l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t!V vs. V plot 
Intercept of t!V vs. V plot 
R2 of t!V vs. V plot 
Filtrate Solid 
486.9 134.1 g 
1104.11 2272.91 kg m-3 
4.4 1 E-04 S.90E-OS m3 
0.62 kg 
S.00E-04 m3 
392.24 kg m-3 
11.80% v/v 
21.S9% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
·0.7 bar 
70000 Pa 
2.78E+09 
S.lSE+OS 
9.98E-01 
m kg-l a.v 1.7S1E+ll 
Mass of wet cake 243.60 g 
Mass of dry cake 134.07 g 
Mass of liquid 109.S3 g 
Volume of solid in cake S.90E-OS m3 
Volume ofliquid in cake 9.92E-OS m3 
Cake coneD 37.29% 
f.v 0.63 
Moisture ratio, m 1.82 
Effective c' 392.24 kg m·3 
Slurry c' k -3 304.01 gm 
Measured Cake Thickness 0.008 m 
Experiment CLlI 
Filtrate Solid 
Weight in Slurry 490.1 132.5 g 
Density, p 1160.21 1708.59 kg m-3 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConeD in Slurry 
Viscosity, ~ 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs. V plot 
Intercept of tJV vs. V plot 
R2 of tJV vs. V plot 
4.22E-04 7.75E-05 m 
0.62 kg 
5.00E-04 m3 
424.53 kg m-3 
15.51% v/v 
21.28% w/w 
0.001 Pas 
13 cm 
l.33E-02 m2 
0.25 bar 
25000 Pa 
8.11E+09 
9.84E+05 
9.98E-Ol 
aav 1.682E+11 
Rm 3.264E+11 -1 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake coneD 
Eav 
Moisture ratio, m 
Effective e' 
Slurry c' 
Measured Cake Thickness 
260.53 g 
132.50 g 
128.03 g 
7.7SE-OS m3 
1.l0E-04 m3 
41.27% 
0.59 
1.97 
424.53 kg m·3 
313.63 kgm-3 
0.009 m 
3 
_._1 
Experiment CLI 2 
Filtrate Solid 
Weight in Slurry 501.1 121.9 g 
Density, p 1134.07 2096.39 kg m·3 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Concn in Slurry 
Viscosity, ).l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs. V plot 
Intercept of tJV vs. V plot 
R2 of tJV vs. V plot 
4.42E-04 5.8IE-05 m 
0.62 kg 
5.00E-04 m3 
386.11 kg m·3 
11.63% v/v 
19.56% w/w 
0.001 Pas 
13 cm 
1.33E-02 m2 
0.25 bar 
25000 Pa 
5.50E+09 
6.65E+05 
9.98E-OI 
aav J.255E+1l 
Rm 2.205E+1l ·1 m 
Mass of wet cake 265.07 g 
Mass of dry cake 121.85 g 
Mass of liquid 143.22 g 
Volume of solid in cake 5.8113-05 m3 
Volume of liquid in cake 1.26E-04 m3 
Cake concn 31.52% 
Eav 0.68 
Moisture ratio, m 2.18 
Effective c' 386.11 kg m ·3 
Slurry c' k ·3 275.76 gm 
Measured Cake Thickness 0.009 m 
3 
Experiment CL!3 
Filtrate Solid 
Weight in Slurry 474.3 130.8 g 
Density, p 1110.30 1797.08 kg m,3 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Concn in Slurry 
Viscosity, ).l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of iN vs. V plot 
Intercept of iN vs, V plot 
, 
R- of iN vs. V plot 
4.27E-04 7.28E-05 m 
0.61 kg 
5.00E-04 m3 
386.14 kg m,3 
14.56% v/v 
21.62% w/w 
0.001 Pa s 
13 cm 
l.33E-02 m2 
1 bar 
100000 Pa 
1.75E+09 
4. 13E+05 
9.99E-Ol 
aav l.S97E+11 k 
,I 
m g 
Rm S,484E+11 ·1 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake concn 
eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
228.95 g 
130.83 g 
98.12 g 
7.28E-05 m3 
8.84E-05 m3 
45.17% 
0.55 
1.75 
386.14 kgm,3 
306.26 kg m·3 
0.012 m 
3 
Experiment CL14 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConcH in Slurry 
Viscosity, fl 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tN vs. V plot 
Intercept of tN vs. V plot 
R2 of tN vs. V plot 
Filtrate Solid 
489.1 124.7 g 
1123.02 1933.43 kg m·3 
4.36E-04 6.4SE-OS m3 
0.61 kg 
S.00E-04 m3 
3S9.S0 kg m·3 
12.89% v/v 
20.31% w/w 
0.001 Pas 
13 cm 
l.33E-02 m2 
3 bar 
300000 Pa 
1.42E+09 
2.S4E+OS 
9.98E-OI 
aav 4.166E+1l 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cakeconc" 
Cav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
-1 
m 
224.36 g 
124-.65 g 
99.71 g 
6.4SE-OS m3 
8.88E-OS m3 
42.07% 
0.S8 
1.80 
3S9.S0 kg m-3 
k -3 286.22 gm 
0.011 m 
Experiment eLlS 
Filtrate Solid 
Weight in Slurry 211.8 90.4 g 
Density, p 1157.02 1350.76 kg m'3 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Conc· in Slurry 
= 
Viscosity, J.l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs. V plot 
Intercept of tJV vs. V plot 
R2 of tJV vs. V plot 
1. 83E-04 6.69E-05 m3 
0.30 kg 
3 2.50E-04 m 
1172.51 kg m,3 
26.77% v/v 
29.91% w/w 
0.001 Pas 
13 cm 
1.33E-02 m2 
0.25 bar 
25000 Pa 
4.95E+09 
2.44E+06 
8.66E-Ol 
aav 3.717E+I0 m kg·1 
,1 Rm 8.093E+11 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake conc' 
Cav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
213.02 g 
90.39 g 
122.63 g 
6.69E-05 m3 
1.06E-04 m3 
38.70% 
0.61 
2.36 
1172.51 kg m·3 
493.74 kg m,3 
0.005 m 
Experiment CL! 6 
Filtrate Solid 
Weight in Slurry 227.5 73.6 g 
Density, p 1159.24 1370.70 kg m 
Volume in Slurry 1.96E-04 5.37E-05 m3 
Total Mass of Slurry 0.30 kg 
Total Volume of Slurry 2.50E-04 m3 
Solids ConeD in Slurry 740.35 kg m·3 
-
21.49% v/v 
-
24.45% w/w 
Viscosity, i! 0.001 Pa s 
Filter Cell Diameter 13 cm 
Filter Cell Area l.33E-02 m2 
Pressure 0.35 bar . 
35000 Pa 
Slope of tIV vs. V plot 3.49E+09 
Intercept of tIV vs. V plot 1. 62E+06 
R2 of tIV vs. V plot 7.9SE-Ol 
aav S.812E+10 m kg·1 
Rm 7.512E+ll m ·1 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake coneD 
Eav 
Moisture ratio, m 
Effective c' 
Slurrye' 
Measured Cake Thickness 
185.87 g 
73.64 g 
112.23 g 
5.37E-05 m3 
9.68E-05 m3 
35.69% 
0.64 
2.52 
740.35 kg m·3 
375.16 kg m·3 
0.004 m 
·3 
Experiment CL 17 
Filtrate Solid 
Weight in Slurry 230.2 69.3 g 
Density, p 1059.93 2109.88 kg m·3 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Conc" in Slurry 
Viscosity, !l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tfV vs. V plot 
Intercept of tfV vs. V plot 
. R2 of tfV vs. V plot 
2.17E-04 3.28E-05 m 
0.30 kg 
2.50E-04 m 3 
433.45 kg m-3 
13.13% v/v 
23.13% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
0.5 bar 
50000 Pa 
1.14E+09 
2.89E+05 
8.05E-OI 
Cl.av 4.639E+10 m kg-! 
.) 
Rm 1.921E+11 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cakeconc" 
Eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
130.08 g 
69.26 g 
60.82 g 
3.28E-05 m3 
5.74E-05 m3 
0.36 
0.64 
1.88 
433.45 kg m-l 
318.93 kg m-3 
Measured Cake Thickness 0.004 m 
3 
Wash Data 
CL1 
Washing Time (s) Measured Value (mg r) Na Concentration (9 r ) 
o 918.30 92.75 
180 881.90 89.07 
360 881.70 89.05 
540 733.20 74.05 
720 727.70 73.50 
900 702.20 70.92 
1080 663.20 66.98 
1260 649.60 65.61 
1440 637.80 64.42 
1620 616.60 62.28 
1800 545.30 55.08 
CL2 
Washing Time (s) Measured Value (mg r') Na Concentration (9 r') 
0 938.40 94.78 
120 931.30 94.06 
240 920.90 93.01 
360 911.40 92.05 
480 909.60 91.87 
600 887.70 89.66 
720 870.00 87.87 
840 868.70 87.74 
960 850.80 85.93 
1080 779.50 78.73 
1200 776.10 78.39 
1320 684.50 69.13 
1440 645.20 65.17 
1560 635.50 64.19 
1680 614.80 62.09 
1800 573.40 57.91 
Wash Data 
CL3 
Washing Time (s) Measured Value (mg r') Na Concentration (g 1") 
0 909.50 91.86 
90 904.90 91.39 
180 817.10 82.53 
270 710.80 71.79 
360 650.90 65.74 
450 617.10 62.33 
540 566.70 57.24 
630 494.10 49.90 
720 485.50 49.04 
810 469.90 47.46 
900 453.90 45.84 
990 425.80 43.01 
1080 416.70 42.09 
1170 410.60 41.47 
1260 404.30 40.83 
1350 402.10 40.61 
1440 375.50 37.93 
1530 340.70 34.41 
1620 267.90 27.06 
1710 240.60 24.30 
CL4 
Washing Time (s) Measured Value (mg r') Na Concentration (g I") 
0 1121.00 113.22 
90 1029.60 103.99 
180 1024.90 103.51 
270 958.20 96.78 
360 786.40 79.43 
450 698.70 70.57 
540 638.80 64.52 
630 562.40 56.80 
720 552.40 55.79 
810 504.20 50.92 
900 461.00 46.56 
990 417.10 42.13 
1080 412.70 41.68 
1170 369.70 37.34 
1260 356.90 36.05 
1350 325.00 32.83 
1440 262.70 26.53 
1530 250.80 25.33 
1620 237.80 24.02 
1710 213.20 21.53 
1800 188.20 19.01 
Wash Data 
CLS 
Washing Time (s) Measured Value (mg r') Na Concentration (g r1) 
0 991.00 100.09 
90 982.10 99.19 
180 979.80 98.96 
270 904.30 91.33 
360 887.70 89.66 
450 685.20 69.21 
540 625.80 63.21 
630 557.50 56.31 
720 556.80 56.24 
810 536.60 54.20 
900 485.20 49.01 
990 448.30 45.28 
1080 447.80 45.23 
1170 439.00 44.34 
1260 438.00 44.24 
1350 432.50 43.68 
1440 386.50 39.04 
1530 361.20 36.48 
1620 352.40 35.59 
1710 303.80 30.68 
CL6 
Washing Time (s) Measured Value (mg r') Na Concentration (g r1) 
0 948.10 95.76 
90 802.40 81.04 
180 677.60 68.44 
270 627.20 63.35 
360 598.20 60.42 
450 523.30 52.85 
540 474.10 47.88 
630 459.70 46.43 
720 445.10 44.96 
810 380.30 38.41 
900 303.90 30.69 
990 271.60 27.43 
1080 200.50 20.25 
1170 155.50 15.71 
1260 130.00 13.13 
1350 120.30 12.15 
1440 94.40 9.53 
1530 79.30 8.01 
1620 70.30 7.10 
1710 59.60 6.02 
Wash Data 
CL7 
Washing Time (s) Measured Value (mg r') Na Concentration (g r') 
0 1013.50 102.36 
90 981.30 99.11 
180 927.40 93.67 
270 912.50 92.16 
360 900.30 90.93 
450 882.10 89.09 
540 824.30 83.25 
630 761.80 76.94 
720 416.50 42.07 
810 216.10 21.83 
900 105.10 10.62 
990 67.60 6.83 
1080 50.10 5.06 
1170 38.50 3.89 
1260 35.80 3.62 
1350 31.70 3.20 
1440 24.20 2.44 
1530 24.00 2.42 
1620 21.60 2.18 
1710 21.20 2.14 
CL8 
Washing Time (s) Measured Value (mg r') Na Concentration (g r') 
0 1110.10 112.12 
90 1039.80 105.02 
180 1015.90 102.61 
270 922.00 93.12 
360 889.80 89.87 
450 854.40 86.29 
540 737.20 74.46 
630 454.20 45.87 
720 241.10 24.35 
810 150.60 15.21 
900 99.70 10.07 
990 88.00 8.89 
1080 86.20 8.71 
1170 77.90 7.87 
1260 58.70 5.93 
1350 47.50 4.80 
1440 32.00 3.23 
1530 23.60 2.38 
1620 16.80 1.70 
1710 15.60 1.58 
---------------------------------------------- -
Wash Data 
CL9 
Washing Time (s) Measured Value (mg r') Na Concentration (g r') 
0 825.20 83.35 
90 659.20 66.58 
180 553.00 55.85 
270 492.60 49.75 
360 388.10 39.20 
450 227.50 22.98 
540 159.50 16.11 
630 75.50 7.63 
720 48.40 4.89 
810 29.70 3.00 
900 19.50 1.97 
990 15.70 1.59 
1080 11.10 1.12 
1170 7.90 0.80 
1260 6.30 0.64 
1350 6.30 0.64 
1440 6.10 0.62 
1530 4.80 0.48 
1620 4.50 0.45 
1710 3.70 0.37 
CL10 
Washing Time (s) Measured Value (mg r') Na Concentration (g r') 
0 751.10 75.86 
90 525.00 53.03 
180 472.20 47.69 
270 407.20 41.13 
360 181.80 18.36 
450 88.60 8.95 
540 44.60 4.50 
630 22.40 2.26 
720 0.20 0.02 
810 0.50 0.05 
900 0.20 0.02 
990 0.20 0.02 
1080 0.30 0.03 
1170 0.40 0.04 
1260 0.30 0.03 
1350 0.40 0.04 
1440 0.20 0.02 
1530 0.40 0.04 
1620 0.30 0.03 
1710 0.30 0.03 
Wash Data 
CL11 
Washing Time (s) Measured Value (mg r') Na Concentration (g r') 
0 1005.30 101.54 
90 915.80 92.50 
180 896.30 90.53 
270 894.80 90.37 
360 450.60 45.51 
450 155.80 15.74 
540 69.10 6.98 
630 38.10 3.85 
720 27.50 2.78 
810 21.90 2.21 
900 18.50 1.87 
990 17.80 1.80 
1080 15.40 1.56 
1170 13.20 1.33 
1260 11.30 1.14 
1350 11.20 1.13 
1440 10.60 1.07 
1530 9.20 0.93 
1620 8.60 0.87 
1710 7.40 0.75 
CL12 
Washing Time (s) Measured Value (mg 1") Na Concentration (g 1") 
0 802.20 81.02 
90 661.80 66.84 
180 583.00 58.88 
270 431.60 43.59 
360 273.30 27.60 
450 105.20 10.63 
540 53.00 5.35 
630 21.40 2.16 
720 12.00 1.21 
810 8.50 0.86 
900 7.60 0.77 
990 4.40 0.44 
1080 3.50 0.35 
1170 2.80 0.28 
1260 2.90 0.29 
1350 2.90 0.29 
1440 2.70 0.27 
1530 2.40 0.24 
1620 2.30 0.23 
1710 2.10 0.21 
Wash Data 
CL13 
Washing Time (s) Measured Value (mg r') Na Concentration (g r') 
0 695.90 70.29 
90 472.40 47.71 
180 293.20 29.61 
270 95.00 9.60 
360 47.00 4.75 
450 21.60 2.18 
540 13.30 1.34 
630 11.50 1.16 
720 8.10 0.82 
810 7.40 0.75 
900 5.20 0.53 
990 4.60 0.46 
1080 4.00 0.40 
1170 3.20 0.32 
1260 3.20 0.32 
1350 2.80 0.28 
1440 2.50 0.25 
1530 2.30 0.23 
1620 1.90 0.19 
1710 1.90 0.19 
CL14 
Washing Time (s) Measured Value (mg r') Na Concentration (g r') 
0 856.30 86.49 
90 617.30 62.35 
180 219.00 22.12 
270 67.50 6.82 
360 27.90 2.82 
450 12.80 1.29 
540 7.00 0.71 
630 5.70 0.58 
720 4.10 0.41 
810 2.80 0.28 
900 2.00 0.20 
990 1.90 0.19 
1080 1.60 0.16 
1170 1.40 0.14 
1260 1.20 0.12 
1350 1.20 0.12 
1440 0.70 0.07 
1530 0.70 0.07 
1620 0.40 0.04 
1710 0.30 0.03 
Wash Data 
CL15 
Washing Time (s) Measured Value (mg 1"') Na Concentration (g 1"') 
0 992.80 100.27 
90 742.00 74.94 
180 280.40 28.32 
270 146.20 14.77 
360 84.50 8.53 
450 86.00 8.69 
540 42.30 4.27 
630 34.10 3.44 
720 21.90 2.21 
810 18.10 1.83 
900 14.20 1.43 
990 11.60 1.17 
1080 9.10 0.92 
1170 7.80 0.79 
1260 7.50 0.76 
1350 6.10 0.62 
1440 5.20 0.53 
1530 4.00 0040 
1620 4.70 0.47 
1710 3.70 0.37 
CL16 
Washing Time (s) Measured Value (mg 1"') Na Concentration (g 1"') 
0 967.90 97.76 
90 680.70 68.75 
180 216.50 ·21.87 
270 73.20 7.39 
360 43.00 4.34 
450 27.10 2.74 
540 18.20 1.84 
630 13.20 1.33 
720 11.70 1.18 
810 8.40 0.85 
900 8.00 0.81 
990 6.60 0.67 
1080 5.80 0.59 
1170 4.20 0.42 
1260 4.40 0.44 
1350 3.60 0.36 
1440 3.30 0.33 
1530 2.70 0.27 
1620 2.80 0.28 
1710 2.60 0.26 
Wash Data 
CL17 
Washing Time (s) Measured Value (mg 1"') Na Concentration (g r') 
0 542.90 54.83 
90 55.60 5.62 
180 17.60 1.78 
270 8.90 0.90 
360 5.10 0.52 
450 3.90 0.39 
540 3.30 0.33 
630 2.80 0.28 
720 2.20 0.22 
810 1.90 0.19 
900 1.90 0.19 
990 1.80 0.18 
1080 1.70 0.17 
1170 1.60 0.16 
1260 1.60 0.16 
1350 1.40 0.14 
1440 1.40 0.14 
1530 1.20 0.12 
1620 1.00 0.10 
1710 0.90 0.09 
Experiment CLl8 
Filtrate Solid 
Weight in Slurry 855.7 325.6 g 
Density, p 1089.20 1518.88 kg m ·3 
Volume in Slurry 7.86E-04 2.l4E-04 m3 
Total Mass of Slurry 1.18 kg 
Total Volume of Slurry 1.00E-03 m 3 
Solids Cone" in Slurry 546.90 kg m·3 
-
21.43% v/v 
-
27.56% w/w 
Viscosity, 11 0.001 Pa s 
Filter Cell Diameter 13 cm 
Filter Cell Area 1.33E-02 m2 
Pressure 0.35 bar 
35000 Pa 
Slope of t!V vs. V plot 4.60E+09 
Intercept of t!V vs. V plot 4.35E+05 
R2 of t!V vs. V plot 9.98E-OI 
aav 1.037E+11 m kg·
1 
Rm 2.022E+11 ·1 m 
Mass of wet cake 532.90 g 
Mass of dry cake 325.57 g 
Mass of liquid 207.33 g 
Volume of solid in cake 2.14E-04 m 3 
Volume of liquid in cake 1.90E-04 m 3 
Cake cone" 52.96% 
fav 0.47 
Moisture ratio, m 1.64 
Effective c' 546.90 kg m·3 
Slurry c' 414.39 kg m·3 
Measured Cake Thickness 0.019 m 
Experiment CLl9 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConeD in Slurry 
Viscosity, Il 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tN vs. V plot 
Intercept of tN vs. V plot 
? R- of tN vs. V plot 
Filtrate Solid 
935.0 286.8 g 
1080.50 2130.12 kg m·3 
8.65E-04 1.35E-04 m3 
1.22 kg 
1.00E-03 m3 
474.71 kg m-3 
13.46% v/v 
23.47% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m 2 
0.35 bar 
35000 Pa 
4.28E+09 
3.70E+05 
9.99E-Ol 
a ov 1.112E+ll 
Rm 1.719E+11 -1 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake concD 
Cov 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
569.10 g 
286.76 g 
282.34 g 
1.35E-04 m3 
2.61E-04 mJ 
34.00% 
0.66 
1.98 
k -3 474.71 gm 
331.36 kgm-3 
0.019 m 
Experiment CL20 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Conc' in Slurry 
Viscosity, 1.l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t/V vs. V plot 
Intercept of t/V vs. V plot 
R2 of t/V vs. V plot 
Filtrate 
944.1 
1100.60 
8.58E-04 
1.24 kg 
Solid 
298.8 g 
2101.38 kg m·3 
1.42E-04 m3 
l.OOE-03 m3 
565.13 kg m·3 
14.22% v/v 
24.04% w/w 
0.001 Pa s 
13 cm 
l.33E-02 m2 
0.35 bar 
35000 Pa 
5.66E+09 
6.25E+05 
9.91E-Ol 
aav 1.235E+11 
Rm 2.904E+11 ·1 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake conc' 
eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
661.00 g 
298.79 g 
362.21 g 
l.42E-04 m3 
3.29E-04 m 3 
30.17% 
0.70 
2.21 
565.13 kg m·3 
348.32 kg m·3 
0.018 m 
Experiment eL21 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Concn in Slurry 
Viscosity, 11 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t!V vs- V plot 
Intercept of t!V vs- V plot 
R2 of t!V vs. V plot 
Filtrate Solid 
899.5 321.2 g 
1040.34 2372.92 kg m-3 
8.65E-04 1.35E-04 m3 
l.22 kg 
l.00E-03 m3 
495.07 kg m-3 
13.53% v/v 
26.31% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
0.35 bar 
35000 Pa 
4.11£+09 
2.86E+05 
9.97E-Ol 
a.v 1.024E+11 
Rm 1.327E+11 ·1 m 
Mass of wet cake 545.80 g 
Mass of dry cake 321.17 g 
Mass of liquid 224.63 g 
Volume of solid in cake 1.35E-04 m3 
Volume of liquid in cake 2.16E-04 m3 
Cake concn 38.53% 
fav 0.61 
Moisture ratio, m 1.70 
Effective c' 495.07 kg m·3 
Slurry c' 371.44 kg m-3 
Measured Cake Thickness 0.018 m 
Experiment CL22 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone' in Slurry 
Viscosity, ~ 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs. V plot 
Intercept of tJV vs. V plot 
7 R- of tJV vs. V plot 
Filtrate Solid 
477.6 150.4 g 
1024.25 4458.15 kg m-3 
4.66E-04 3.37E-05 m3 
0.63 kg 
5.00E-04 m3 
461.08 kg m·3 
6.75% v/v 
23.95% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
0.35 bar 
35000 Pa 
3.5IE+09 
8.62E+05 
9.98E-OI 
k -I a.v 9.386E+I0 m g 
-1 Rm 4.006E+1l m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone' 
E.v 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
293.87 g 
150.40 g 
143.47 g 
3.37E-05 m3 
1.40E-04 m3 
19.41 % 
0.81 
1.95 
461.08 kg m·3 
322.56 kg m·3 
0.011 m 
Experiment eL23 
Filtrate Solid 
Weight in Slurry 493.7 119.6 g 
Density, p 1082.24 2728.27 kg m-3 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, !l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs_ V plot 
Intercept of tJV vs. V plot 
R2 of tJV vs. V plot 
4.S6E-04 4.38E-OS m 
0.61 kg 
S.00E-04 m3 
347.82 kg m-3 
8.77% v/v 
19.50% w/w 
0.001 Pa s 
13 cm 
l.33E-02 m2 
0.3S bar 
3S000 Pa 
4.44E+09 
6.84E+OS 
9.97E-01 
aav 1.575E+11 k -1 m g 
Rm 3.179E+11 -1 m 
Mass of wet cake 241.17 g 
Mass of dry cake 119.59 g 
Mass of liquid 121.S8 g 
Volume of solid in cake 4.38E-OS m 3 
Volume of liquid in cake 1.12E-04 m 3 
Cake cone" 28.07% 
Eav 0.72 
Moisture ratio, m 2.02 
Effective c' 347.82 kg m-3 
Slurry c' 262.16 kgm -3 
Measured Cake Thickness om m 
3 
Experiment CL24 
Filtrate Solid 
Weight in Slurry 474.6 124.6 g 
Density, p 1012.78 3969.37 kg m·3 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConeD in Slurry 
Viscosity, I.l 
. Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t!V vs. V plot 
Intercept of t!V vs. V pl?t 
R2 of t!V vs. V plot 
4.69E-04 3.14E-05 m 
0.60 kg 
5.00E-04 m3 
381.03 kg m·3 
6.28% v/v 
20.79% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
0.35 bar 
35000 Pa 
3.33E+09 
9. 75E+05 
9.97E-Ol 
aav 1.076E+ll 
Rm 4.S29E+ll 
Mass of wet cake 268.08 g 
Mass of dry cake 124.57 g 
Mass of liquid 143.51 g 
Volume of solid in cake 3.14E-05 m 3 
Volume of liquid in cake 1.42E-04 m3 
Cake coneD 18.13% 
Eav 0.82 
Moisture ratio, m 2.15 
Effective c' 381.03 kg m·3 
Slurry c' 265.82 kg m ·3 
Measured Cake Thickness 0.009 m 
3 
Experiment eL25 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone· in Slurry 
Viscosity, J.L 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs. V plot 
Intercept of tJV vs. V plot 
R2 of tJV vs. V plot 
Filtrate Solid 
236.5 69.2 g 
1041.71 3015.97 kg m,3 
2.27E-04 2.29E-05 m3 
0.31 kg 
2.50E-04 m3 
592.19 kgm·3 
9.18% v/v 
22.63% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
0.35 bar 
35000 Pa 
3.85E+09 
1.24E+06 
9.81E-Ol 
aav 8,015E+I0 m kg'l 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone· 
Eav 
Moisture ratio, m 
Effective c' 
Slurrye' 
Measured Cake Thickness 
184.02 g 
69.18 g 
114.83 g 
2.29E-05 m3 
1.10E-04 m3 
17.22% 
0.83 
2.66 
592.19 kg m,3 
304.69 kg m'3 
0.005 m 
Experiment CL26 
Filtrate Solid 
Weight in Slurry 235.3 69.3 g 
Density, p 1037.63 2988.89 kg m03 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, Il 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t!V vs. V plot 
Intercept of t!V vs. V plot 
o R- of t!V vs. V plot 
2.27E-04 2.32E-05 m 
0.30 kg 
2.S0E-04 m3 
479.45 kg m03 
9.28% v/v 
22.75% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
0.35 bar 
35000 Pa 
4.83E+09 
1.06E+06 
9.92E-01 
aav 1.243E+11 
Rm 4.907E+11 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone" 
eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
154.66 g 
69.31 g 
85.35 g 
2.3 :iE-05 m 3 
8.23E-05 m3 
21.99% 
0.78 
2.23 
k 03 479.45 gm 
305.58 kg m·3 
0.005 m 
3 
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Figure A4.1: Filtrate volume vs. time plots for constant pressure filtration of catalyst 
suspensions (10 mm nominal cake thickness). 
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Figure A4.2: Reciprocal flow rate vs. cumulative volume for the constant pressure 
filtration of catalyst suspensions (10 mm nominal cake thickness). 
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Figure A4.3: Filtrate volume vs. time plots for constant pressure filtration of catalyst 
suspensions (20 mm nominal cake thickness). 
5000000 
~- 4500000 
E 
~ 4000000 
" 5 3500000 g 
CD 3000000 
E 
~ 2500000 
~ 2000000 
~ 
:; 
E 1500000 
e 
:l 
~ 1000000 
E t= 500000 
o+-------+-------+-------+-------+-------+-------+-------~ 
o 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 
Cummulative filtrate volume (m3) 
~25kPa 
-<>-35 kPa 
-.- 50 kPa 
...,;,-70 kPa 
Figure A4.4: Reciprocal flow rate vs. cumulative volume for the constant pressure 
filtration of catalyst suspensions (20 mm nominal cake thickness). 
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Figure A4.5: Dimensionless solute concentration (c/co) vs. time for catalyst filter cakes 
(10 mm nominal cake thickness). 
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Figure A4.6: Dimensionless solute concentration (c!co) vs. time for catalyst filter cakes 
(20 mm nominal cake thickness). 
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Figure A4.7: Cumulative volume vs. time for the filtration and subsequent displacement 
washing of catalyst filter cakes formed at Ll.P = 25 kPa and washed at different pressures 
(20 mm nominal cake thickness). 
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Figure A4.8: Dimensionless solute concentration (c/co) vs. time for catalyst filter cakes 
formed at Ll.P = 25 kPa (20 mm nominal cake thickness). 
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Figure A4.9: Fractional recovery vs. time for catalyst filter cakes (10 mm nominal cake 
thickness). 
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Figure A4.10: Fractional recovery vs. time for catalyst filter cakes (20 mm nominal cake 
thickness). 
0.00045 
0.0004 
0.00035 
.-
..§.. 0.0003 
m 
E 
~ 
'0 0.00025 
> 
m 
.::: 0.0002 
10 
:; 
E 0.00015 
~ 
o 
0.0001 
0.00005 
filtration at 
6P = 35kPa 
DeIiquoring Phase 
-+- 25kPa detiquoring 
de/iquoring at -<>-35kPa deliquoring 
...... SOkPa deJiquoring 
o~--~----~----+----+----~ ____ ~ __ -+ ____ ~ __ __ 
o 200 400 600 800 1000 1200 1400 1600 1800 
Time (s) 
Figure A4.11: Cumulative volume vs. time for the filtration and deliquoring of catalyst 
and suspensions and cakes (10 mm cake thickness). 
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Figure A4.12: Deliquoring characterisation: Moisture content variation with cake height 
from medium (10 mm cake thickness). 
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Figure A4.13: Cumulative volume vs. time for the filtration and deliquoring of catalyst 
and suspensions and cakes (20 mm cake thickness). 
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Figure A4.14: Deliquoring characterisation: Moisture content variation with cake height 
from medium (20 mm cake thickness). 
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Figure A4.15: Filter cycle data for catalyst suspensions processed at various pressures 
where LlPfc = 25, 35, 50 or 70 kPa (10 mm nominal cake thickness). 
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Figure A4.16: Filter cycle data for catalyst suspensions filtered at 25 kPa with 
subsequent washing and deliquoring at either 25, 50 or 70 kPa (10 mm nominal cake 
thickness). 
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Figure A4.17: Filter cycle data for catalyst suspensions processed at various pressures 
where L'.Pfc = 25, 35, 50 or 70 kPa (20 mm nominal cake thickness). 
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Figure A4.18: Filter cycle data for catalyst suspensions filtered at 25 kPa with 
subsequent washing and deliquoring at either 25, 50 or 70 kPa (20 mm nominal cake 
thickness). 
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Additional Filtration Experiments 
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Figure A4.19: Filtrate volume vs. time plots for the downward constant vacuum filtration 
(& = 65 kPa) for different feed concentration catalyst suspensions. 
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Figure A4.20: Reciprocal flow rate vs. filtrate volume for the downward constant 
vacuum filtration (Ll.P = 65 kPa) for different feed concentration catalyst suspensions. 
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Figure A4.21: Filtrate volume vs. time plots for downward constant vacuum filtration 
(,1.P = 65 kPa) for different pH catalyst suspensions. 
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Figure A4.22: Reciprocal flow rate vs. filtrate volume for the downward constant 
vacuum filtration (,1.P = 65 kPa) for different pH catalyst suspensions. 
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Figure A4.23: Filtrate volume vs. time plots for the upward constant vacuum filtration 
(M' = 65 kPa) for different feed concentration catalyst suspensions. 
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Figure A4.24: Reciprocal flow rate vs. filtrate volume for the upward constant vacuum 
filtration (,1P = 65 kPa) for different feed concentration catalyst suspensions. 
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Figure A4.25: Filtrate volume vs. time plots for upward constant vacuum filtration (~P = 
65 kPa) for different pH catalyst suspensions. 
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Figure A4.26: Reciprocal flow rate vs. filtrate volume for the upward constant vacuum 
filtration (~P = 65 kPa) for different pH catalyst suspensions. 
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(a) Catalyst Results 
(ii) Process Scale 
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RVF Collated Data - Data Set CPl 
Date: 18/01/99 Time: 11.20 
Batch Number: 1 (wJc 18/01/99) Batch Time: 00.00 
Filter Operation: 
Operating Pressure: -0.48 bar 
Speed of Rotation: 0.261 rpm 
Drum Submergence: 0.37 m 
Feed Slurry: 
General Properties 
Flow rate: 5.33 mlh-! 
pH: 8.6 
Mean Particle Size 14.55 !lm 
(i) Prior to Transfer into Bosch 
Temperature: 44.3 QC 
Density: 1232 kgm-l 
Suspended Solids Cone: 16.35 w/w% 
Filtrate Density: 1164 kg m-3 
Filtrate LOD: 0,79 w/w 
(ii) Surface of Bosch 
Temperature: 54.0 QC 
54.0 QC (bottom of bosch) 
Density: 1147 kgm,l 
Suspended Solids Cone: 13.44 w/w% 
Filtrate Density: 1083 kg m,l 
Filtrate LOO: 0.89 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kg m-l 
Flow rate: 2.0 m3 h-! 
Temperature: 73,3 QC 
FiItratelW ashings: 
Combined Flow rate: 6.93 m3 h'! 
Temperature: 49.6 QC 
Combined Density: 1024 kg m,3 
LOO: 0.96 w/w 
----------------------------------------------------------------------- -
Filter Cake Properties: 
.""---. 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.003 m 
LOO: 0.70 w/w 
Sodium Conc. 4.13 g rl 
(i) Point 2 (at maximum deliquoring) 
Cake Thickness: 0.003 m 
LOO: 0.68 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOO: 
0.004 m 
0.68 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.003 m 
LOO: 0.73 w/w 
Sodium Cone. 14.49 g rl 
RVF Collated Data - Data Set CP2 
Date: 18/01199 Time: 13.10 
Batch Number: 1 (w/c 18/01199) Batch Time: 01.50 
Filter Operation: 
Operating Pressure: -0.52 bar 
Speed of Rotation: 0.260 rpm 
Drum Submergence: 0.28 m 
Feed Slurry: 
General Properties 
Flow rate: 5.33 mlh-1 
pH: 8.2 
Mean Particle Size 8.07 !lm 
(iJ Prior to Transfer into Bosch 
Temperature: 47.4 QC 
Density: 1243 kg m-l 
Suspended Solids Conc: 10.40 w/w% 
Filtrate Density: 1156 kg m-) 
Filtrate LOD: 0.78 w/w 
(iiJ Surface of Bosch 
Temperature: 51.0 QC 
51.3 QC (bottom of bosch) 
Density: 1128 kgm-3 
Suspended Solids Cone: 22.04 w/w% 
Filtrate Density: 1128 kgm-l 
Filtrate LOD: 0.82 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kcr m-l 
'" Flow rate: 2.0 mJh- 1 
Temperature: 79.0 QC 
FiItrate/W ashings: 
Combined Flow rate: 5.59 mJh- 1 
Temperature: 46.3 QC 
Combined Density: 1091 kgm-3 
LOD: 0.96 w/w 
Filter Cake Properties: 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.004 m 
LOO: 0.69 w/w 
Sodium Cone. 0.36 g 1'1 
(i) Point 2 (at maximum deliquoring) 
Cake Thickness: 0.003 m 
LOO: 0.67 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOO: 
0.004 m 
0.67 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.003 m 
LOO: 0.73 w/w 
Sodium Cone. 6.56 g r1 
RVF Collated Data - Data Set CP3 
Date: 18/01199 Time: 15.35 
Batch Number: 1 (w/c 18/01199) Batch Time: 04.15 
Filter Operation: 
Operating Pressure: -0.56 bar 
Speed of Rotation: 0.267 rpm 
Drum Submergence: 0.65 m 
Feed Slurry: 
General Properties 
Flow rate: 5.34 mlh· j 
pH: 6.66 
Mean Particle Size 8.25 Ilm 
(i) Prior to Transfer into Bosch 
Temperature: 42.4 QC 
Density: 1237 kgm·l 
Suspended Solids Conc: 10.44 w/w% 
Filtrate Density: 1163 kg m·l 
Filtrate LOD: 0.78 w/w 
(ii) Surface of Bosch 
Temperature: 49.1 QC 
46.6 QC (bottom of bosch) 
Density: 1189 kcr m·l 
'" Suspended Solids Conc: 16.19 w/w% 
Filtrate Density: 1084 kcr m-l 
'" Filtrate LOD: 0.87 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kgm-l 
Flow rate: 1.9 mlh- 1 
Temperature: 79.4 QC 
Filtrate/W ashings: 
Combined Flow rate: 6.93 mlh· 1 
Temperature: 40.1 QC 
Combined Density: 1124 kcr m- l 
'" LOD: 0.83 w/w 
Filter Cake Properties: 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.005 m 
LOD: 0.70 w/w 
Sodium Cone. 0.56 g r1 
(i) Point 2 (at maximum de/iquoring) 
Cake Thickness: 0.0045 m 
LOD: 0.66 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOD: 
0.005 m 
0.67 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.004 m 
LOD: 0.70 w/w 
Sodium Cone. 18.84 g 1'1 
RVF Collated Data - Data Set CP4 
Date: 19/01199 Time: 10.10 
Batch Number: 4 (w/c 18/01/99) Batch Time: 04.10 
Filter Operation: 
Operating Pressure: -0.52 bar 
Speed of Rotation: 0.30 rpm 
Drum Submergence: 0.58 m 
Feed Slurry: 
General Properties 
Flow rate: 5.17 m3 h'! 
pH: 6.91 
Mean Particle Size 9.71 /lm 
(i) Prior to Transfer into Bosch 
Temperature: 46.6 QC 
Density: 1230 kg m'l 
Suspended Solids Cone: 11.36 w/w% 
Filtrate Density: 1145 kg m'l 
Filtrate LOD: O.SO w/w 
(ii) Surface of Bosch 
Temperature: 49.6 QC 
49.4 QC (bottom of bosch) 
Density: 1195 kg m'l 
Suspended Solids Cone: 16.75 w/w% 
Filtrate Density: 1117 kgm,l 
Filtrate LOD: 0.84 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kgm,l 
Flow rate: 2.0 mlh'! 
Temperature: S1.2 QC 
FiItrate/W ashings: 
Combined Flow rate: 5.78 mlh'! 
Temperature: 46.2 QC 
Combined Density: 1064 kgm'l 
LOO: 0.89 w/w 
Filter Cake Properties: 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.003 m 
LOD: 0.66 w/w 
Sodium Conc. 0.99 g rl 
(i) Point 2 (at maximum deliquoring) 
Cake Thickness: 0.0025 m 
LOD: 0.67 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOD: 
0.0025 m 
0.66 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.0025 m 
LOD: 0.68 w/w 
Sodium Conc. 13.17 g rl 
RVF Collated Data - Data Set CP5 
Date: 19/01199 Time: 11.15 
Batch Number: 4 (wlc 18/01199) Batch Time: 05.15 
Filter Operation: 
Operating Pressure: -0.52 bar 
Speed of Rotation: 0.30 rpm 
Drum Submergence: 0.70 m 
Feed Slurry: 
General Properties 
Flow rate: 5.17 m1h'! 
pH: 6.93 
Mean Particle Size 9.45 !!m 
(i) Prior to Transfer into Bosch 
Temperature: 45.5 QC 
Density: 1222 kgm-1 
Suspended Solids Cone: 16.78 w/w% 
Filtrate Density: 1143 kg m-) 
Filtrate LOO: 0.80 w/w 
(ii) Surface of Bosch 
Temperature: 52.3 QC 
52.4 QC (bottom of bosch) 
Density: 1134 kg m-) 
Suspended Solids Cone: 11.04 w/w% 
Filtrate Density: 1070 kgm-) 
Filtrate LOO: 0.90 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kg m-l 
Flow rate: 2_0 mlh- I 
Temperature: 77.9 QC 
FiltratelW ashings: 
Combined Flow rate: 5.78 m3 h- 1 
Temperature: 47.2 QC 
Combined Density: 1060 k" m-) <0 
LOO: 0.89 w/w 
Filter Cake Properties: 
(i) Point 1 (top of the drum· post washing) 
Cake Thickness: 0.005 
LOD: 0.67 
Sodium Conc. 0.18 
(i) Point 2 (at maximum deliquoring) 
Cake Thickness: 0.005 
LOD: 0.66 
m 
w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOD: 
0.005 m 
0.67 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.0045 m 
LOD: 0.81 w/w 
Sodium Conc. 17.22 g r' 
RVF Collated Data - Data Set CP6 
Date: 19/01/99 Time: 12.15 
Batch Number: 5 (w/c 18/01/99) Batch Time: 00.45 
Filter Operation: 
Operating Pressure: -0.52 bar 
Speed of Rotation: 0.29 rpm 
Drum Submergence: 0.37 ill 
Feed Slurry: 
General Properties 
Flow rate: 9.28 m3h,i 
pH: 8.21 
Mean Particle Size 11.17 llm 
(i) Prior to Transfer into Bosclz 
Temperature: 50.8 °c 
Density: 1242 kg m" 
Suspended Solids Cone: 20.14 w/w% 
Filtrate Density: 1159 kO'm,3 
" Filtrate LOD: 0.79 w/w 
(ii) Surface of Bosclz 
Temperature: 52.3 °c 
52.4 QC (bottom of bosch) 
Density: 1151 kg m" 
Suspended Solids Conc: 13.64 w/w% 
Filtrate Density: 1084 k" m'3 e 
Filtrate LOD: 0.89 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kg m'3 
Flow rate: 1.8 m3h'I 
Temperature: 80.4 DC 
FiltratelW ashings: 
Combined Flow rate: 8.25 m3h'I 
Temperature: 41.4 DC 
Combined Density: 1080 kg m,3 
LOD: 0.85 w/w 
Filter Cake Properties: 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.006 m 
LOO: 0.74 w/w 
Sodium Conc. 1.45 g rl 
(i) Point 2 (at maximum deliquoring ) 
Cake Thickness: 0.005 m 
LOO: 0.73 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOO: 
0.0055 m 
0.73 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.005 m 
LOO: 0.72 w/w 
Sodium Conc. 19.32 g rl 
RVF ColJated Data - Data Set CP7 
Date: 19101199 Time: 13.30 
Batch Number: 5 (w/e 18/01199) Batch Time: 02.00 
Filter Operation: 
Operating Pressure: 
-0.48 bar 
Speed of Rotation: 0.29 rpm 
Drum Submergence: 0.42 m 
Feed Slurry: 
General Properties 
Flow rate: 9.28 m3 h- 1 
pH: 7.8 
Mean Particle Size 11.88 !lm 
(i) Prior to Transfer into Bosch 
Temperature: 51.9 °c 
Density: 1232 k ·3 gm 
Suspended Solids Cone: 16.89 w/w% 
Filtrate Density: 1157 kgm-3 
Filtrate LOD: 0.79 wlw 
(ii) Surface of Bosch 
Temperature: 54.2 °c 
54.2 °c (bottom of boseh) 
Density: 1249 kgm-3 
Suspended Solids Cone: 25.27 w/w% 
Filtrate Density: 1153 kgm-3 
Filtrate LO D: 0.79 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kgm·3 
Flow rate: 2.2 m3 h- 1 
Temperature: 79.2 °C 
Filtrate/W ashings: 
Combined Flow rate: 8.67 m3 h· 1 
Temperature: 41.7 °c 
Combined Density: 1062 kgm·3 
LOD: 0.90 w/w 
Filter Cake Properties: 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.0055 m 
LOO: 0.74 w/w 
Sodium Cone. 0.70 g 1'1 
(i) Point 2 (at maximum deliquoring ) 
Cake Thickness: 0.0055 m 
LOO: 0.74 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOO: 
0.006 m 
0.70 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.005 m 
LOO: 0.79 w/w 
Sodium Cone. 13.10 g 1'1 
RVF Collated Data - Data Set CP8 
Date: 19/01/99 Time: 14.30 
Batch Number: 5 (w/c 18/01/99) Batch Time: 03.00 
Filter Operation: 
Operating Pressure: -0.47 bar 
Speed of Rotation: 0.29 rpm 
Drum Submergence: 0.28 m 
Feed Slurry: 
General Properties 
Flow rate: 7.95 m3 h· j 
pH: 7.24 
Mean Particle Size 11.06 /J.lIl 
(i) Prior to Transfer into Bosch 
Temperature: 50.5 QC 
Density: 1248 kcr m·3 
" Suspended Solids Cone: 17.91 w/w% 
Filtrate Density: 1180 kg m·3 
Filtrate LOD: 0.79 w/w 
(ii) Surface of Bosch 
Temperature: 53.8 QC 
53.9 QC (bottom of bosch) 
Density: 1216 kg m·3 
Suspended Solids Cone: 20.98 w/w% 
Filtrate Density: 1103 kgm·3 
Filtrate LOD: 0.82 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kgm·3 
Flow rate: 2.5 m3 h·' 
Temperature: 81.3 QC 
FiltratelW ashings: 
Combined Flow rate: 6.30 m3 h·' 
Temperature: 39.0 QC 
Combined Density: 1072 kg m·3 
LOD: 0.87 w/w 
Filter Cake Properties: 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.0055 m 
LOD: 0.77 w/w 
Sodium Cone. 1.50 g rl 
(i) Point 2 (at maximum deliquoring) 
Cake Thickness: 0.0055 m 
LOD: 0.73 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOD: 
0.006 m 
0.75 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.005 m 
LOD: 0.80 w/w 
Sodium Conc. 21.24 g rl 
RVF Collated Data - Data Set CP9 
Date: 19/01199 Time: 16.00 
Batch Number: 5 (w/c 18/01/99) Batch Time: 04.30 
Filter Operation: 
Operating Pressure: -0.52 bar 
Speed of Rotation: ·0.29 rpm 
Drum Submergence: 0.28 m 
Feed Slurry: 
General Properties 
Flow rate: 7.95 m3 h·1 
pH: 6.92 
Maen Particle Size 10.83 Ilm 
(i) Prior to Transfer into Bosch 
Temperature: 52.2 QC 
Density: 1236 kgm-3 
Suspended Solids Cone: 23.42 w/w% 
Filtrate Density: 1174 kgm·3 
Filtrate LOD: 0.79 w/w 
(ii) Surface of Bosch 
Temperature: 54.9 QC 
54.6 QC (bottom of bosch) 
Density: 1245 kgm-3 
Suspended Solids Conc: 24.80 w/w% 
Filtrate Density: 1155 kgm-3 
Filtrate LOD: 0.78 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 . kg m-3 
Flow rate: 2.5 m3 h-1 
Temperature: 82.1 QC 
FiltratelW ashings: 
Combined Flow rate: 6.93 m3 h- 1 
Temperature: 41.6 DC 
Combined Density: 1095 kgm-3 
LOD: 0.84 w/w 
Filter Cake Properties: 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.007 m 
LOD: 0.78 w/w 
Sodium Conc. 2.28 g r' 
(i) Point 2 (at maximum deliquoring) 
Cake Thickness: 0.006 m 
LOD: 0.75 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOD: 
0.007 m 
0.75 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.007 m 
LOD: 0.80 w/w 
Sodium Conc. 20.57 g r' 
RVF Collated Data - Data Set CP10 
Date: 20/01199 Time: 09.30 
Batch Number: 8 (w/c 18/01199) Batch Time: 01.30 
Filter Operation: 
Operating Pressure: 
-0.56 bar 
Speed of Rotation: 0.35 rpm 
Drum Submergence: 0.61 m 
Feed Slurry: 
General Properties 
Flow rate: 8.62 m3 h· t 
pH: 8.22 
Mean Particle Size 9.09 Ilm 
(i) Prior to Transfer into Bosch 
Temperature: 51.1 QC 
Density: 1271 kgm·3 
Suspended Solids Conc: 25.36 w/w% 
Filtrate Density: 1167 k" m·3 b 
Filtrate LOD: 0.78 w/w 
(ii) Surface of Bosch 
Temperature: 53.3 QC 
53.! QC (bottom of bosch) 
Density: 1199 kgm·3 
Suspended SoEds Conc: 21.69 w/w% 
Filtrate Density: 1126 kG" m·3 b 
Filtrate LO D: 0.83 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kg m-3 
Flow rate: 2.2 m3 h-1 
Temperature: 82.5 QC 
FiItratelW ashings: 
Combined Flow rate: 6.54 m3 h· 1 
Temperature: 38.3 QC 
Combined Density: 1081 kgm-3 
LOD: 0.82 w/w 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-~-
Filter Cake Properties: 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.005 m 
LOO: 0.72 w/w 
Sodium Cone. 2.41 g rl 
(i) Point 1->2 (at mid-point of deliquoring) 
Cake Thickness: 0.0045 m 
LOO: 0.67 w/w 
(i) Point 2 (at maximum deliquoring) 
Cake Thickness: 0.0045 m 
LOO: 0.66 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOO: 
0.005 m 
0.66 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.004 m 
LOO: 0.73 w/w 
Sodium Conc. 25.52 g rl 
(i) Point 4->lA (a third of the way into washing stage) 
Cake Thickness: 0.004 m 
LOO: 0.73 w/w 
Sodium Conc. 10.02 g rl 
(i) Point 4 (two thirds of the way into washing stage) 
Cake Thickness: 0.004 m 
LOO: 0.73 w/w 
Sodium Conc. 5.32 g rl 
RVF Collated Data - Data Set CPll 
Date: 20/01/99 Time: 10.25 
Batch Number: 8 (w/c 18/01/99) Batch Time: 02.25 
Filter Operation: 
Operating Pressure: -0.52 bar 
Speed of Rotation: 0.35 rpm 
Drum Submergence: 0.61 m 
Feed Slurry: 
General Properties 
Flow rate: 8.62 m3 h- 1 
pH: 8.28 
Mean Particle Size 9.14 ~m 
(i) Prior to Transfer into Bosch 
Temperature: 47.8 DC 
Density: 1242 kg m-3 
Suspended Solids Cone: 24.09 w/w% 
Filtrate Density: 1162 kg m-3 
Filtrate LOD: 0.78 w/w 
(ii) Surface of Bosch 
Temperature: 52.6 DC 
52.3 DC (bottom of bosch) 
Density: 1192 kgm-3 
Suspended Solids Cone: 18.56 w/w% 
Filtrate Density: 1128 ko- m-3 
" Filtrate LOD: 0.85 w/w 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kgm-3 
Flow rate: 2.1 m3 h- 1 
Temperature: 77.9 DC 
FiltrateIW ashings: 
Combined Flow rate: 6.30 m3 h- 1 
Temperature: 41.2 DC 
Combined Density: 1089 kgm-3 
LOD: 0.84 w/w 
Filter Cake Properties: 
(i) Point 1 (top of the drum - post washing) 
Cake Thickness: 0.0045 m 
LOD: 0.71 w/w 
Sodium Conc. 3.70 g r1 
(i) Point 1->2 (at mid-point of deliquoring) 
Cake Thickness: 0.0045 m 
LOD: 0.67 w/w 
(i) Point 2 (at maximum deliquoring ) 
Cake Thickness: 0.0045 ill 
LOO: 0.66 w/w 
(i) Point 3 (at discharge) 
Cake Thickness: 
LOO: 
0.005 ill 
0.67 w/w 
(i) Point 4 (as low as possible in feed bosch) 
Cake Thickness: 0.004 ill 
LOO: 0.71 w/w 
Sodium Conc. 26.71 g]"1 
(i) Point 4->lA (a third of the way into washing stage) 
Cake Thickness: 0.004 ill 
LOO: 0.71 w/w 
Sodium Conc. 11.35 g]"1 
(i) Point 4 (two thirds of the way into washing stage) 
Cake Thickness: 0.004 ill 
LOO: 0.71 w/w 
Sodium Conc. 6.70 g rl 
(b) Ti02 Results 
(i) Laboratory Scale 
The data contained within this section is complimentary to that presented in Section 
6.2.1. Experimental data sheets are provided for all Ti02 laboratory scale tests (see Table 
6.9) numbered sequentially from TLl to TL7. 
Experiment TLl 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone· in Slurry 
Viscosity, J.l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs. V plot 
Intercept of tJV vs. V plot 
R2 of tJV vs. V plot 
Filtrate Solid 
1000.0 350.0 g 
1000 4260 kg m·3 
1.00E-03 8.22E-05 m3 
1.35 kg 
1.0SE-03 m3 
432.90 kg m·3 
7.59% v/v 
25.93% w/w 
0.001 Pa s 
l3cm 
l.33E-02 m 2 
3 bar 
300000 Pa 
3.44E+09 
6.02E+05 
9.S4E-OI 
aav 8.40IE+I1 k ·1 m g 
Rm 2.396E+12 ·1 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone· 
Cav 
Moisture ratio, m 
Effective c' 
Slurrye' 
Measured Cake Thickness 
541.50 g 
350.00 g 
191.50 g 
8.22E-05 m3 
1.92E-04 m3 
30.02% 
0.70 
1.55 
432.90 kg m·3 
k ·3 350.00 gm 
0.015 m 
Experiment TL2 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Conc" in Slurry 
Viscosity, fl 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tN vs. V plot 
Intercept of tN vs. V plot 
R2 of tN vs. V plot 
Filtrate Solid 
1000.0 350.0 g 
1000 4260 kg m·3 
1.00E-03 8.22E-05 m3 
1.35 kg 
1.08E-03 m3 
434.19 kg m,3 
7.59% v/v 
25.93% w/w 
0.001 Pa s 
13 cm 
l.33E-02 m2 
4 bar 
400000 Pa 
3.02E+09 
5.22E+05 
9,94E-Ol 
9.79E+11 m kg,l 
,I Rm 2.771E+12 m 
Mass of wet cake 543.90 g 
Mass of dry cake 350.00 g 
Mass of liquid 193.90 g 
Volume of solid in cake 8.22E-05 m3 
Volume of liquid in cake 1.94E-04 m3 
Cake conc " 29.76% 
cav 0.70 
Moisture ratio, m 1.55 
Effective c' 434.19 kgm ,3 
Slurry c' 350.00 kgm ,3 
Measured Cake Thickness 0.015 m 
Experiment TL3 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone' in Slurry 
Viscosity, !.l 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs_ V plot 
Intercept of tJV vs. V plot 
2 R of tJV vs. V plot 
Filtrate Solid 
1000.0 350.0 g 
1000 4260 kgm-3 
l.00E-03 S.22E-05 m3 
1.35 kg 
l.OSE-03 m3 
431.S9 kgm·3 
7.59% v/v 
25.93% w/w 
0.001 Pa s 
13 cm 
1.33E-02 m2 
5 bar 
500000 Pa 
2.50E+09 
4.02E+05 
9.96E-Ol 
aav 1.018E+12 m kg' l 
-I Rm 2.669E+12 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone' 
Eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
539.60 g 
350.00 g 
IS9.60 g 
S.22E-05 m3 
. l.90E~04 m3 
30.23% 
0.70 
1.54 
431.89 kg m-3 
350.00 kg m-3 
0.015 m 
---------------------------- - -
Wash Data 
TL1 
Washing Time (s) Conductivity (mS) 
0 3.79 
120 3.46 
240 2.98 
360 2.62 
480 2.13 
600 1.72 
720 1.45 
840 1.17 
960 0.86 
1080 0.72 
1200 0.67 
1320 0.46 
1440 0.38 
1560 0.33 
1680 0.31 
1800 0.26 
1920 '. 0.17 
2040 0.12 
2160 0.09 
2280 0.04 
TL2 
Washing Time (s) Conductivity (mS) 
0 3.52 
120 3.13 
240 2.85 
. 360 2.46 
480 1.95 
600 1.27 
720 1.01 
840 0.57 
960 0.42 
1080 0.32 
1200 0.20 
1320 0.18 
1440 0.15 
1560 0.14 
1680 0.12 
1800 0.11 
1920 0.08 
2040 0.07 
2160 0.04 
2280 0.03 
Wash Data 
TL3 
Washing Time (s) Conductivity (mS) 
0 3.74 
120 2.94 
240 2.38 
360 1.86 
480 1.51 
600 1.02 
720 0.76 
840 0.43 
960 0.31 
1080 0.22 
1200 0.15 
1320 0.12 
1440 0.10 
1560 0.09 
1680 0.07 
1800 0.05 
1920 0.04 
2040 0.03 
2160 0.03 
2280 0.02 
Experiment TL4 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, ~ 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t!V vs. V plot 
Intercept of t!V vs. V plot 
R2 of t!V vs. V plot 
Filtrate Solid 
1000.0 350.0 g 
1000 4260 kgm 
l.00E-03 S.22E-05 m 3 
1.35 kg 
l.OSE-03 m3 
565.06 kg m-3 
7.59% v/v 
25.93% w/w 
0.001 Pas 
13 cm 
l.33E-02 m 2 
1 bar 
100000 Pa 
6.87E+09 
l.90E+06 
9.93E-Ol 
k -1 aav 4.285E+11 m g 
-1 Rm 2.526E+12 m 
Mass of wet cake 730.60 g 
Mass of dry cake 350.00 g 
Mass of liquid 3S0.60 g 
Volume of solid in cake S.22E-05 m3 
Volume of liquid in cake 3.S1E-04 m 3 
Cake cone n 17.75% 
cav 0.S2 
Moisture ratio, m 2.09 
Effective c' 565.06 kgm 
Slurry c' 350.00 kgm 
Measured Cake Thickness 0.012 m 
-3 
-3 
-3 
Experiment TLS 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, Jl 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tJV vs, V plot 
Intercept of tJV vs. V plot 
R2 of tJV vs. V plot 
Filtrate Solid 
1000.0 350.0 g 
1000 4260 kg m'} 
LOOE-03 8.22E-OS m3 
1.35 kg 
L08E-03 m} 
435.70 kg m,3 
7.S9% v/v 
2S,93% w/w 
0.001 Pa s 
13 ern 
1.33E-02 m2 
3 bar 
300000 Pa 
S.52E+09 
3.46E+OS 
9,96E-01 
m kg' I aav 1.339E+12 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone" 
eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
546.70 g 
350.00 g 
196.70 g 
8.22E-OS m3 
'1.97E-04 m3 
29.46% 
0.71 
1.56 
435.70 kg m'} 
3S0.00 kg m'} 
O.OlS m 
Experiment TL6 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Conch in Slurry 
Viscosity, l! 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of t/V vs. V plot 
Intercept of t/V vs. V plot 
R2 of t/V vs. V plot 
Filtrate Solid 
1000.0 350.0 g 
1000 4260 kg m·3 
1.00E-03 S.22E-05 m3 
1.35 kg 
1.0SE-03 m3 
457.94 kg m·3 
7.59% v/v 
25.93% w/w 
0.001 Pa s 
l3crn 
l.33E-02 m2 
4 bar 
400000 Pa 
4.38E+09 
8.25E+04 
9.97E-Ol 
·1 
a_v 1.349E+12 m kg 
,I 
Rm 4.382E+11 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake conch 
c_v 
Moisture ratio, rn 
Effective c' 
Slurry c' 
Measured Cake Thickness 
585.70 g 
350.00 g 
235.70 g 
8.22E-05 m3 
2.36E-04 m3 
25.S5% 
0.74 
1.67 
457.94 kg m'3 
350.00 kg m·3 
0.015 m 
Experiment TL 7 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, 11 
Filter Cell Diameter 
Filter Cell Area 
Pressure 
Slope of tN vs. V plot 
Intercept of tN vs. V plot 
? R- oftN vs. V plot 
Filtrate Solid 
1000.0 350.0 g 
1000 4260 kg m·3 
1.00E-03 8.22E.05 m3 
1.35 kg 
1.08E-03 m 3 
437.39 kg m·3 
7.59% v/v 
25.93% w/w 
0.001 Pas 
13 cm 
1.33E-02 m2 
5 bar 
500000 Pa 
2.58E+09 
3.77E+05 
9.98E-01 
aav 1.037E+12 m kg·1 
·1 Rm 2.503E+12 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in ca\i:e 
Volume of liquid in cake 
Cakeconcn 
Cav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
549.80 g 
350.00 g 
199.80 g 
8.22E-05 m3 
2.00E-04 m3 
29.14% 
0.71 
1.57 
k ·3 437.39 gm 
350.00 kg m·3 
0.013 m 
(b) Titanium Dioxide 
Results 
(ii) Process Scale 
Plate and Frame Collated Data - Data Set TPl 
Date: 28/02/00 Time: 08.30 
Exp. Function: Filter 1 Wash 
Filter Operation: 
No. of Cakes: 4 
Filtration Pressure: 3 bar 
Washing Pressure: 3 bar 
Feed Slurry: 
General Properties 
pH: 4.0 
dp(mean) 0.58 /lm 
Concentration 350.7 gr l 
Conductivity 2.63 mS 
Temperature 52 °C 
Filtrate: 
Density: 1000 kgm·3 
Conductivity 3.45 mS 
Background 0.D3 mS 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kgm·3 
F1owrate: m3 h·1 
Temperature: 54.0 °C 
Wash SamI>ie Time (s) Conductivity (mS) 
1 300 1.67 
2 480 1.03 
3 600 0.77 
4 720 0.62 . 
5 840 0.45 
6 960 0.34 
7 1080 0.27 
8 1200 0.21 
9 -
10 -
Filter Cake Properties: 
(i) Point 1 (Cake 1-middle of plate) 
Cake Thickness: 0.007 m 
LOD: 0.177 w/w 
(i) Point 2 (Cake 1- edge of plate) 
Cake Thickness: 
LOD: 
0.007 m 
0.139 w/w 
(i) Point 3 (Cake 2 - middle of plate) 
Cake Thickness: 0.007 m 
LOD: 0.198 w/w 
(i) Point 4 (Cake 2 - edge of plate) 
Cake Thickness: 
LOD: 
0.007 m 
0.186 w/w 
(i) Point 5 (Cake 3 - middle of plate) 
Cake Thickness: 0.007 m 
LOD: 0.175 w/w 
(i) Point 6 (Cake 3 - edge of plate) 
Cake Thickness: 
LOD: 
0.007 m 
0.184 w/w 
(i) Point 7 (Cake 4 - middle of plate) 
Cake Thickness: 0.008 m 
LOD: 0.178 w/w 
(i) Point 8 (Cake 4 - edge of plate) 
Cake Thickness: 
LOD: 
0.008 m 
0.179 w/w 
Experiment TPI 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Conc' in Slurry 
Viscosity, Il 
Number of Cakes 
Filtration Area 
Pressure 
Slope of t!V vs. V plot 
Intercept of t!V vs. V plot 
R2 of t!V vs. V plot 
Filtrate Solid 
71286.0 25000.0 g 
1000 4260 kgm 
7.l3E-02 5.87E-03 m3 
96.29 kg 
7.72E-02 m3 
500.00 kg m·3 
7.61 % v/v 
25.96% w/w 
0.001 Pa s 
4 
1.28E+00 m2 
3 bar 
300000 Pa 
4.41E+04 
2.92E+03 
7.97E-Ol 
a..v 8.665E+10 m kg·
1 
·1 Rm 1.123E+12 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone' 
E.v 
Moisture ratio, m 
Effective e' 
Slurrye' 
Measured Cake Thickness 
46286.00 g 
25000.00 g 
21286.00 g 
5.87E-03 m3 
2.13E-02 m3 
21.61% 
0.78 
1.85 
500.00 kg m·3 
350.70 kg m·3 
0.007 m 
·3 
Plate and Frame Collated Data - Data Set TP2 
Date: 29102/00 Time: 10.55 
Exp. Function: Filter 1 Wash 
Filter Operation: 
No. of Cakes: 4 
Filtration Pressure: 3 bar 
Washing Pressure: 3 bar 
Feed Slurry: 
General Properties 
pH: 3.7 
dp(mean) 0.62 f!m 
Concentration 350.0 gr! 
Conductivity 2.80 mS 
Temperature 48 QC 
Filtrate: 
Density: 1000 kgm-3 
Conductivity 3.57 mS 
Background 0.03 mS 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kgm-3 
F1owrate: m3 h-! 
Temperature: 50.0 QC 
Wash Sample Time (s) Conductivity (mS) 
1 120 2.70 
2 240 1.98 
3 360 1.35 
4 480 1.06 --
5 600 0.70 
6 720 0.52 
7 840 0.36 
8 960 0.28 
9 1080 0.22 
10 1200 0.17 
Filter Cake Properties: 
(i) Point 1 (Cake 1-middle of plate) 
Cake Thickness: 0.007 m 
LOD: 0.206 w/w 
(i) Point 2 (Cake 1- edge of plate) 
Cake Thickness: 
LOD: 
0.007 m 
0.190 w/w 
(i) Point 3 (Cake 2 - middle of plate) 
Cake Thickness: 0.007 m 
LOD: 0.199 w/w 
(i) Point 4 (Cake 2 - edge of plate) 
Cake Thickness: 
LOD: 
0.007 m 
0.186 w/w 
(i) Point 5 (Cake 3 -middle of plate) 
Cake Thickness: 0.007 m 
LOD: 0.208 w/w 
(i) Point 6 (Cake 3 - edge of plate) 
Cake Thickness: 
LOD: 
(i) Point 7 (Cake 4 - middle of plate) 
0.007 m 
0.188 w/w 
Cake Thickness: 0.007 m 
LOD: 0.193 w/w 
(i) Point 8 (Cake 4 - edge of plate) 
Cake Thickness: 0.007 m 
LOD: 0.177 w/w 
Experiment TP2 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, !l 
Number of Cakes 
Filtration Area 
Pressure 
Slope of UV vs. V plot 
Intercept of UV vs. V plot 
R2 of UV vs. V plot 
Filtrate Solid 
71428.6 25000.0 g 
1000 4260 kg m·3 
7.14E-02 5.87E-03 m3 
96.43 kg 
7.73E-02 m3 
595.24 kg m·3 
7.59% v/v 
25.93% w/w 
0.001 Pa s 
4 
1.28E+00 m2 
3 bar 
300000 Pa 
1.51E+05 
5.97E+02 
9.19E·Ol 
m kg·1 CY.av 2.502E+11 
·1 Rm 2.292E+11 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone" 
Cav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
54428.57 g 
25000.00 g 
29428.57 g 
5.87E.03 m3 
2.94E.02 m3 
16.63% 
0.83 
2.18 
595.24 kg m·3 
350.00 kg m·3 
0.007 m 
Plate and Frame Collated Data - Data Set TP3 
Date: 29/02/00 Time: 13.40 
Exp. Function: Filter 1 Wash 
Filter Operation: 
No. of Cakes: 4 
Filtration Pressure: 4 bar 
Washing Pressure: 4 bar 
Feed Slurry: 
General Properties 
pH: 4.04 
dp(mean) 0.56 !lm 
Concentration 341.6 grI 
Conductivity 2.62 mS 
Temperature 48 DC 
Filtrate: 
Density: 1000 kgm·3 
Conductivity 3.42 mS 
Background 0.03 mS 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 k" m·3 
" Flowrate: m3 h· I 
Temperature: 45.0 DC 
Wash Sample Time (s) Conductivity (mS) 
1 120 1.18 
2 240 0.59 
3 360 0.30 
4 480 0.17 .. 
5 600 0.12 
6 
7 
8 
9 
10 
Filter Cake Properties: 
(i) Point 1 (Cake 1-middle of plate) 
Cake Thickness: 0.003 m 
LOD: 0.201 w/w 
(i) Point 2 (Cake 1 - edge of plate) 
Cake Thickness: 
LOD: 
0.003 ID 
0.093 w/w 
(i) Point 3 (Cake 2 - middle of plate) 
Cake Thickness: 0.0065 ID 
LOD: 0.186 w/w 
(i) Point 4 (Cake 2 - edge of plate) 
Cake Thickness: 
LOD: 
0.0065 ID 
0.100 w/w 
(i) Point 5 (Cake 3 - middle ofplate) 
Cake Thickness: 0.0065 ID 
LOD: 0.173 w/w 
(i) Point 6 (Cake 3 - edge of plate) 
Cake Thickness: 
LOD: 
0.0065 ID 
0.190 w/w 
(i) Point 7 (Cake 4 - middle of plate) 
Cake Thickness: 0.006 ID 
LOD: 0.180 w/w 
(i) Point 8 (Cake 4 - edge of plate) 
Cake Thickness: 
LOD: 
0.006 ID 
0.187 w/w 
Experiment TP3 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids ConcH in Slurry 
Viscosity, ~ 
Number of Cakes 
Filtration Area 
Pressure 
Slope of tJV vs. V plot 
Intercept of tJV vs. V plot 
R2 of tJV vs. V plot 
Filtrate Solid 
73185.0 25000.0 g 
1000 4260 kg m 
7.32E-02 5.87E-03 m3 
98.19 kg 
7.91E-02 m3 
446.43 kg m-3 
7.42% v/v 
25.46% w/w 
0.001 Pa s 
4 
1.28E+00 m2 
4 bar 
400000 Pa 
1.29E+05 
1.05E+03 
9.32E-Ol 
a.av 3_773E+11 
Rm 5.372E+11 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cakeconc" 
fav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
42185.01 g 
25000.00 g 
17185.01 g 
5.87E-03 m3 
1.72E-02 m3 
25.46% 
0.75 
1.69 
446.43 kg m-3 
341.60 kg m-3 
0.006 m 
-3 
---
Plate and Frame Collated Data - Dat a Set TP4 
Date: 01103/00 
Exp. Function: Fi! ter 1 Wash 
Filter Operation: 
No. of Cakes: 2 
Filtration Pressure: 3 
Washing Pressure: 3 
Feed Slurry: 
General Properties 
pH: 4.10 
dp(mean) 0.60 
Concentration 351.1 
Conductivity 2.79 
Temperature 48 
Filtrate: 
Density: 1000 
Conductivity 3.65 
Background 0.02 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 
Flowrate: 0.1 
Temperature: 49 
Wash Sample Time (s) 
1 600 
2 1200 
3 1800 
4 2400 
5 3000 
6 3300 
7 3600 
8 3900 
9 4200 
10 4500 
Filter Cake Properties: 
(i) Point 1 (Cake 1- middle afplate) 
Cake Thickness: 0.02 
LOD: 0.154 
bar 
bar 
!lm 
gr 
mS 
QC 
kg 
mS 
mS 
kg 
m
3 
QC 
m 
wl w 
Time: 13.20 
Conductivit (mS) 
2.85 
1.67 
1.31 
0.86 
0.59 
0.50 
0.43 
0.36 
0.32 
0.28 
(i) Point 2 (Cake 1- edge afplate) 
Cake Thickness: 
LOD: 
0.02 ill 
0.179 w/w 
(i) Point 3 (Cake 2 - middle afplate) 
Cake Thickness: 0.02 ill 
LOD: 0.185 w/w 
(i) Point 4 (Cake 2 - edge afplate) 
Cake Thickness: 
LOD: 
0.02 ill 
0.185 w/w 
Experiment TP4 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Concn in Slurry 
Viscosity, /-t 
Number of Cakes 
Filtration Area 
Pressure 
Slope of tN vs. V plot 
Intercept of tN vs. V plot 
R2 of tN vs. V plot 
Filtrate Solid 
58204.8 20435.7 g 
1000 4260 kg m·3 
5.82E-02 4.80E-03 m3 
78.64 kg 
6.30E-02 m3 
510.89 kg m·3 
7.61% v/v 
25.99% w/w 
0.001 Pas 
2 
6.40E-OI m2 
3 bar 
300000 Pa 
2.50E+06 
2.63E+02 
9.74E-OI 
k ·1 aav 1.203E+12 m g 
·1 Rm 5.044E+10 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake concn 
Eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
38640.48 g 
20435.70 g 
18204.78 g 
4.80E-03 m3 
1.82E-02 m3 
20.86% 
0.79 
1.89 
510.89 kg m·3 
·3 351.10kgm 
0.02 m 
Plate and Frame Collated Data - Data Set TP5 
Date: 01103/00 
Exp. Function: Filter 
Filter Operation: 
No. of Cakes: 
Filtration Pressure: 
Washing Pressure: 
Feed Slurry: 
General Properties 
pH: 
Filtrate: 
dp(me.n) 
Concentration 
Conductivity 
Temperature 
Density: 
Conductivity 
Background 
2 
3 bar 
3 bar 
4.10 
0.57 !lm 
345.3 g rl 
2.80 mS 
53 QC 
1000 
3.77 
0.02 
kg m-3 
mS 
mS 
Time: 08.50 
Experiment TP5 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, 11 
Number of Cakes 
Filtration Area 
Pressure 
Slope of t/V vs. V plot 
Intercept of t/V vs. V plot 
? R- of t/V vs. V plot 
Filtrate Solid 
62400.8 21547.0 g 
1000 4260 kg m·3 
6.24E-02 5.06E-03 m3 
83.95 kg 
6.75E-02 m 3 
633.74 kg m·3 
7.50% v/v 
25.67% w/w 
0.001 Pas 
2 
6.40E-01 m2 
3 bar 
300000 Pa 
2.58E+06 
5.75E+02 
9.86E-01 
aav 9.997E+11 
Rm 1.105E+11 ·1 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone" 
Eav 
Moisture ratio, m 
Effective e' 
Slurrye' 
Measured Cake Thickness 
49947.81 g 
21547.00 g 
28400.81 g 
5.06E-03 m3 
2:84E-02 m3 
15.12% 
0.85 
2.32 
633.74 kg m·3 
345.30 kg m·3 
0.02 m 
Plate and Frame Collated Data - Data Set TP6 
Date: 02/03/00 Time: 08.10 
Exp. Function: Filter 1 Wash 
Filter Operation: 
No. of Cakes: 2 
Filtration Pressure: 3 bar 
Washing Pressure: 3 bar 
Feed Slurry: 
General Properties 
pH: 4.10 
dp(mean) 0.59 ~m 
Concentration 351.0 grl 
Conductivity 2.79 mS 
Temperature 53 nC 
Filtrate: 
Density: 1000 kgm·3 
Conductivity 3.64 mS 
Background 0.02 mS 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 kgm·3 
Flowrate: 0.1 m3 h·1 
Temperature: 50 nC 
Wash Sample Time (s) Conductivity (mS) 
1 300 2.08 
2 600 1.23 
3 1200 0.86 
4 1800 0.60 .. 
5 2400 0.39 
6 2700 0.33 
7 3000 0.29 
8 3300 0.26 
9 3600 0.23 
10 3900 0.20 
Filter Cake Properties: 
(i) Point 1 (Cake 1- middle a/plate) 
Cake Thickness: 0.024 m 
LOO: 0.185 w/w 
(i) Point 2 (Cake 1 - edge of plate) 
Cake Thickness: 
LOD: 
0.012 ID 
0.184 w/w 
(i) Point 3 (Cake 2 - middle of plate) 
Cake Thickness: 0.024 ID 
LOD: 0.186 w/w 
(i) Point 4 (Cake 2 - edge of plate) 
Cake Thickness: 
LOD: 
0.012 ID 
0.187 w/w 
Experiment TP6 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, J.L 
Number of Cakes 
Filtration Area 
Pressure 
Slope of tIV vs. V plot 
Intercept of tIV vs. V plot . 
R2 of tIV vs. V plot 
Filtrate Solid 
55225.1 19384.0 g 
1000 4260 kg m·3 
5.52E-02 4.55E-03 m3 
74.61 kg 
5.98E-02 m3 
497.03 kg m-3 
7.61%v/v 
25.98% w/w 
0.001 Pa s 
2 
6.40E-Ol m2 
3 bar 
300000 Pa 
1.87E+06 
1.16E+04 
9.37E-Ol 
aav 9.223E+11 
Rm 2.233E+12 -1 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone" 
f:av 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
35609.07 g 
19384.00 g 
16225.07 g 
4.55E-03 m3 
l.62E-02 m3 
21.90% 
0.78 
1.84 
497.03 kg m-3 
351.00 kg m·3 
0.024 m 
Plate and Frame Collated Data - Data Set TP7 
Date: 
Exp. Function: 
Filter Operation: 
Feed Slurry: 
03/03/00 
Filter 1 Wash 
No. of Cakes: 
Filtration Pressure: 
Washing Pressure: 
General Properties 
pH: 
Filtrate: 
Wash Liquor: 
Wash Sample 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
dp(mean) 
Concentration 
Conductivity 
Temperature 
Density: 
Conductivity 
Background 
Wash Liquor: 
Wash Liquor Density: 
Flowrate: 
Temperature: 
Time{s) 
300 
600 
1200 
1800 
2400 
3000 
3300 
3600 
3900 
4200 
Filter Cake Properties: 
(i) Point 1 (Cake 1-middle of plate) 
2 
5 
5 
4.10 
0.58 
356.3 
2.78 
48 
1000 
3.71 
0.02 
Water 
bar 
bar 
J.llIl 
gr j 
mS 
QC 
kgm·3 
mS 
mS 
Time: 08.40 
1000 kg m·3 
0.13 m3 h· j 
50 QC 
Conductivity (mS) 
1.46 
1.08 
0.67 
0.42 
0.35 
0.24 
0.22 
0.19 
0.16 
0.14 
Cake Thickness: 0.025 m 
LOD: 0.171 w/w 
(i) Point 2 (Cake i-edge of plate) 
Cake Thickness: 0.025 ill 
LOD: 0.170 w/w 
(i) Point 3 (Cake 2 - middle of plate) 
Cake Thickness: 0.025 ill 
LOD: 0.167 w/w 
(i) Point 4 (Cake 2 - edge of plate) 
Cake Thickness: 
LOD: 
0.025 ill 
0.172 w/w 
Experiment TP7 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, ).l 
Number of Cakes 
Filtration Area 
Pressure 
Slope of tIV vs. V plot 
Intercept of tIV vs. V plot 
R2 of tIV vs. V plot 
Filtrate Solid 
58165.6 20724.4 g 
1000 4260 kg m·3 
5.82E-02 4.86E-03 m3 
78.89 kg 
6.30E-02 m3 
518.11 kgm-3 
7.72% v/v 
26.27% w/w 
0.001 Pa s 
2 
6.40E-0 1 m2 
5 bar 
500000 Pa 
1.80E+06 
1.13E+03 
9.96E-Ol 
k ·1 a,v 1.427E+12 m g 
-I Rm 3.617E+11 m 
Mass of wet cake 
Mass of dry cake 
Mass ofliquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone" 
Cav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
38889.99 g 
20724.40 g 
18165.59 g 
4.86E-03 m3 
1.82E-02 m3 
21.12% 
0.79 
1.88 
518.11 kgm·3 
356.30 kg m·3 
0.025 III 
Plate and Frame Collated Data - Data Set TP8 
Date: 06/03/00 Time: 08.50 
Exp. Function: Filter 1 Wash 
Filter Operation: 
No. of Cakes: 2 
Filtration Pressure: 4 bar 
Washing Pressure: 4 bar 
Feed Slurry: 
General Properties 
pH: 4.10 
dp(mean) 0.S7 ~m 
Concentration 347.0 grl 
Conductivity 2.67 mS 
Temperature SO °C 
Filtrate: 
Density: 1000 kg m·3 
Conductivity 3.51 mS 
Background O.oz mS 
Wash Liquor: 
Wash Liquor: Water 
Wash Liquor Density: 1000 k ·3 gm 
Flowrate: 0.11 m3 h·1 
Temperature: 49 °c 
Wash Sample Time (s) Conductivity (ms) 
1 300 I.S3 
2 600 1.04 
3 1200 0.76 
4 1800 0.49 
S 2400 0.36 
6 3000 0.25 
7 3300 0.20 
8 3600 0.16 
9 3900 0.12 
10 4200 0.09 
Filter Cake Properties: 
(i) Point 1 (Cake 1 - middle olplate) 
Cake Thickness: 0.02 m 
LOD: 0.176 w/w 
(i) Point 2 (Cake 1- edge of plate) 
Cake Thickness: 
LOD: 
0.018 m 
0.171 w/w 
(i) Point 3 (Cake 2 - middle of plate) 
Cake Thickness: 0.02 m 
LOD: 0.176 w/w 
(i) Point 4 (Cake 2 - edge of plate) 
Cake Thickness: 
LOD: 
0.018 m 
0.177 w/w 
Experiment TP8 
Weight in Slurry 
Density, p 
Volume in Slurry 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Cone" in Slurry 
Viscosity, ~ 
Number of Cakes 
Filtration Area 
Pressure 
Slope of tN vs. V plot 
Intercept of tN vs. V plot 
R2 of tN vs. V plot 
Filtrate Solid 
60046.1 20836.0 g 
1000 4260 kgm-3 
6.00E-02 4.89E-03 m3 
80.88 kg 
6.49E-02 m3 
520.90 kg m-3 
7.53% v/v 
25.76% w/w 
0.001 Pa s 
2 
6.40E-01 m2 
4 bar 
400000 Pa 
1.82E+06 
6.30E+03 
9.6IE-01 
aav 1.146E+12 k -1 m g 
Rm 1.614E+12 -1 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake cone" 
Eav 
Moisture ratio, m 
Effective c' 
Slurry c' 
Measured Cake Thickness 
40882.11 g 
20836.00 g 
20046.11 g 
4.89E-03 m3 
2.00E-02 m 3 
19.61 % 
0.80 
1.96 
520.90 kg m-3 
-3 347.00 kg m 
0.02 m 
Plate and Frame Collated Data - Data Set TP9 
Date: 06/03/00 
Exp. Function: Filter / Wash 
Filter Operation: 
No. of Cakes: 
Filtration Pressure: 
Washing Pressure: 
Feed Slurry: 
General Properties 
pH: 
dp(meon) 
Concentration 
Conductivity 
Temperature 
Filtrate: 
Density: 
Conductivity 
Background 
Wash Liquor: 
Wash Liquor: 
Wash Liquor Density: 
FIowrate: 
Temperature: 
2 
6 bar 
6 bar 
4.00 
0.58 )lm 
348.4 gr l 
2.81 mS 
49 °C 
1000 kgm- l 
3.63 mS 
0.02 mS 
Water 
1000 kg m-l 
0.15 m3 h- I 
51°C 
Time: 13.25 
Wash Sam le Time(s) Conductivit (mS) 
1~ ______________ -+~30~0~ ____________ ~~1~_1~8 __________ ~ 
2~ ________________ r6~0~0~ ______________ ~0~.8~6 __________ ~ 
3~ __________ ~ __ -+~12~0~0--------------~0~.5~4----------~ 
4~ ______________ -+718~0~0--------------~0~.3~1----------~ 
5~ ______________ -+724~0~0 ______________ ~0~.2~4----------~ 
6 3000 0.13 
1 
7 ________________ -+~33~0~0 ______________ ~0~.1~0----------~ 
8~ ______________ -+736~0~0--------------~0~.0~9----------~ 
9 ________________ -+~39~0~0--------------~0~.0~7----------~ 
o 4200 0.06 
Filter Cake Properties: 
(i) Point 1 (Cake 1-middle of plate) 
Cake Thickness: 0.02 m 
LOD: 0.171 w/w 
(i) Point 2 (Cake 1- edge a/plate) 
Cake Thickness: 
LOD: 
0.02 m 
0.175 w/w 
(i) Point 3 (Cake 2 - middle o/plate) 
Cake Thickness: 0.02 m 
LOD: 0.092 w/w 
(i) Point 4 (Cake 2 - edge a/plate) 
Cake Thickness: 
LOD: 
0.02 m 
0.165 w/w 
Experiment TP9 
Filtrate Solid 
Weight in Slurry 57756.6 20122.4 g 
4260 kgm-3 
4.72E-03 m3 
Density, p 1000 
Volume in Slurry 5.78E-02 
Total Mass of Slurry 
Total Volume of Slurry 
Solids Concn in Slurry 
Viscosity, 11 
Number of Cakes 
Filtration Area 
Pressure 
Slope of t!V vs. V plot 
Intercept of t!V vs. V plot 
o R" of t!V vs. V plot 
77.88 kg 
6.25E-02 m3 
503.06 kg m-3 
7.56% v/v 
25.84% w/w 
0.001 Pa s 
2 
6.40E-Ol m2 
6 bar 
600000 Pa 
1.15E+06 
1.26E+03 
9.87E-01 
aav 1.125E+12 m kg-1 
-1 Rm 4.855E+11 m 
Mass of wet cake 
Mass of dry cake 
Mass of liquid 
Volume of solid in cake 
Volume of liquid in cake 
Cake conen 
Cav 
Moisture ratio, m 
Effective e' 
Slurrye' 
Measured Cake Thickness 
37879.00 g 
20122.40 g 
17756.60 g 
4.72E-03 m3 
l.78E-02 m3 
21.01 % 
0.79 
1.88 
-3 503.06 kg m 
348.40 kg m-3 
0.02 m 
Appendix 5: 
Modelling Data 
(a) Catalyst Results 
(i) Laboratory Scale 
(a) Catalyst Results 
(i) Laboratory Scale 
The data contained within this section is complimentary to that presented in Section 
7.2.1. Graphical representation of relevant data is provided, with all figures presented 
referred to from the main text. 
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Figure AS.1: Comparison between theoretical prediction and experimental data of filtrate 
volume vs. time for the constant pressure filtration of catalyst suspensions (10 mm 
nominal cake thickness). 
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Figure AS.2: Comparison between theoretical prediction and experimental data of 
reciprocal flow rate vs. cumulative volume for the constant pressure filtration of catalyst 
suspensions (10 mm nominal cake thickness). 
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Figure AS.3: Comparison between theoretical prediction and experimental data of filtrate 
volume vs. time for the constant pressure filtration of catalyst suspensions (20 mm 
nominal cake thickness). 
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Figure AS.4: Comparison between theoretical prediction and experimental data of 
reciprocal flow rate vs. cumulative volume for the constant pressure filtration of catalyst 
suspensions (20 mm nominal cake thickness). 
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Figure AS.S: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (cleo) vs. time for catalyst filter cakes (10 mm 
nominal cake thickness) . 
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Figure AS.6: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/co) vs. time for catalyst filter cakes (20 mm 
nominal cake thickness). 
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Figure AS.7: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (eleo) vs. time for catalyst filter cakes formed at.6P = 
25 kPa (10 mm nominal cake thickness) . 
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Figure AS.S: Comparison between theoretical prediction and experimental data of 
dimensionless solute concentration (c/co) vs. time for catalyst filter cakes formed at LlP = 
25 kPa (20 mm nominal cake thickness). 
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Figure A5.9: Comparison between theoretical prediction and experimental data of 
fractional recovery vs. time for catalyst filter cakes (10 mm nominal cake thickness). 
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Figure A5.10: Comparison between theoretical prediction and experimental data of 
fractional recovery vs. time for catalyst filter cakes (20 mm nominal cake thickness). 
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Figure AS.ll: Comparison between theoretical prediction and experimental data of 
cumulative volume vs. time for the filtration and deliquoring of catalyst suspensions and 
cakes (10 mm nominal cake thickness). 
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Figure AS.12: Comparison between theoretical prediction and experimental data of 
cumulative volume vs. time for the filtration and deliquoring of catalyst suspensions and 
cakes (20 mm nominal cake thickness). 

